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Chapter 1  
 
Introduction 
  2 
1.1 Halogenated organics in the environment 
In recent years, a variety of halogenated compounds have been employed for 
myriad household and industrial uses.  Halogenated hydrocarbons have been introduced 
into common application as components of dry cleaning solvents and household cleaners, 
among others;1, 2 although these compounds are effective in consumer products, their 
introduction has had a considerably negative environmental impact.3  Many of these 
chemicals have been detected in groundwater systems due to improper disposal or 
chemical runoff,4, 5 and once in these water systems, halogenated compounds can 
undergo a variety of reactions.6  Both the chemicals themselves and the products of such 
reactions can be hazardous to human and ecosystem health. 
One particular subclass of halogenated hydrocarbons that is known to pose a 
considerable risk to organisms is chlorinated ethylenes (CEs).  According to the U.S. 
Environmental Protection Agency, vinyl chloride (VC), trichloroethylene (TCE), and 
tetrachloroethylene (PCE) are ranked 4th, 16th, and 33rd, respectively, among the most 
hazardous materials found at sites on the U.S. National Priorities List (NPL).7 These 
compounds, along with the three dichloroethylene (DCE) species, have been implicated 
in the occurrence of a variety of health effects in exposed workers, such as increased risk 
of liver cancer,8, 9 spontaneous abortion,10, 11 and scleroderma.12-14 
In addition to chlorinated hydrocarbons, fluorinated hydrocarbons have been 
gaining in use and thus have also been detected in humans throughout the world.  The 
source of these organofluorine compounds in people has been linked to occupational 
exposure15 and natural sources.16, 17  Studies have linked exposure to fluorinated organics 
to cancer and death in rats and monkeys,17 but fewer studies have been conducted to 
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examine the long-term effects of fluorinated organics to humans.  However, detection of 
fluorinated organics in human serum from a variety of populations has led to increased 
awareness of the potential health effects of these compounds.18  Because these 
compounds have been detected in a variety of aquatic systems, most commonly from 
runoff from insecticides and pesticides,19 it is important to study how these compounds 
can be removed from these systems to help mitigate their effects on human populations.   
1.2 Current remediation technologies 
CEs and fluorinated organics are known to persist in groundwater systems, posing 
a continual threat to the industries, people, and organisms that depend on them.1, 2, 20  As 
such, discovering and developing remediation mechanisms is important.  Several 
metalloproteins, including cobalamin,21-23 hematin,24 and cytochrome P450,25, 26 have 
been shown to dechlorinate and defluorinate organic compounds in the environment and 
have been employed in biological remediation.  These proteins typically include a 
macrocyclic structure and a metal center that serves as an active site for reaction with 
CEs and fluorinated substrates (Figure 1.1).24 
  4 
 
Figure 1.1. Active sites of proteins employed in biological remediation processes. 
 
The majority of mechanistic studies of these proteins have focused on catalytic reductive 
dehalogenation as the primary degradation pathway.24, 27  For instance, cobalamin, a Co-
corrin protein, reductively defluorinates perfluorooctane sulfonate (PFOS) in the presence 
of TiIII citrate, a common reductant in biological systems.23  Similarly, hematin, an Fe-
porphyrin protein, has been shown to catalyze the reaction of TCE sequentially to cis-
DCE (cDCE) and VC in the presence of TiIII citrate.24  Conversely, cytochrome P450, 
another Fe-porphyrin protein, has been shown to oxidatively dehalogenate both 
fluorinated and chlorinated pollutants.26, 28  With these different approaches to 
dehalogenation, biological remediation applications are available for employment in an 
array of environments. 
In addition to biological remediation mechanisms, physically engineered methods 
of dehalogenation continue to be active areas of research.  In 1980, the U.S. passed the 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) 
that established Superfund sites, which are locations throughout the U.S. known to have 
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significant groundwater contamination.1  To decontaminate these groundwater systems, 
pump-and-treat methods were employed at the majority of sites.29  Pump-and-treat 
methods work by pumping contaminated groundwater from the water table into a well, 
treating the water with air stripping, sorption to activated carbon, or a noble metal 
catalyst, and then pumping the cleaned water back into the ground (Figure 1.2).30-33  In 
the early 1990s, the groundwater systems at Superfund sites that employed pump-and-
treat remediation mechanisms were found to still fall short of the standards for drinking 
water set forth by CERCLA.28  Additionally, pump-and-treat methods are extremely 
energy-intensive, as they require energy to both pump in contaminated water and 
discharge treated water and the presence of H2 gas.31  As such, permeable reactive 
barriers (PRBs) were introduced as alternatives to pump-and-treat methods. 
 
 
Figure 1.2. Illustrations of a pump-and-treat approach (left)34 and of an installed PRB 
(right).35 
 
PRBs are zones of reactive materials that are installed downstream of a hydraulic 
gradient and perpendicular to the natural flow of groundwater (Figure 1.2).  By 
constructing these barriers downstream, contaminated groundwater is passively 
transported through the reactive media, eliminating the need for the active transport 
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inherent to pump-and-treat methods.  The reactive medium employed in the majority of 
PRBs is zero-valent iron (ZVI); in addition to its low cost and abundance, an advantage 
to using ZVI is that its reactivity allows for multiple common groundwater contaminants 
to be treated simultaneously.36  For instance, a PRB in Elizabeth City, North Carolina, 
was installed to remove both TCE and Cr from the groundwater.37  The ZVI employed in 
the system was found to be effective against these contaminants in both laboratory tests 
and field studies;36 the ability of a single metal to treat two completely different 
contaminants is unparalleled. 
1.3 Fe0 model system studies with fluorinated organics 
Because zero-valent iron has been used in groundwater remediation, it is important 
to study the role of Fe0 in dehalogenation of fluorinated organics.  Few studies have 
examined this process in depth, likely due to the general inertness of the C-F bond.38  The 
majority of studies have focused on the reaction of PFOS in aquatic systems, as it is 
ubiquitous in aquatic environments and has been detected in a variety of organisms.17, 38  
The principal goal of these defluorination studies is to generate F- as a final product, as 
reaction with Ca2+ in water treatment is known to generate environmentally benign 
CaF2.39  Hori et al. found that the degradation of PFOS in subcritical water occurred in 
the presence of Fe0 powder to generate F- ions in aqueous solution, while no degradation 
occurred without iron.40  Subsequent studies of more bioaccumulative perfluorinated 
substrates also demonstrated that addition of Fe0 to subcritical water showed generation 
of F-.41  In these studies, the fluorinated substrate adsorbed to the metal surface, a process 
that plays an important role in groundwater remediation in PRBs.36  Reductive 
defluorination was determined to be the primary mechanism for these reactions,38 but 
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because few studies have specifically examined the role of any Fe0 species in 
defluorination of groundwater contaminants, more investigation is necessary to evaluate 
the reaction between Fe0 and fluorinated substrates. 
1.4 Fe0 model system studies with CEs 
 Due to its frequent use as an active component of PRBs, zero-valent iron has been 
studied extensively for its reaction with CEs.  The majority of these studies have focused 
on employing bulk iron, a common component of PRB installations.37, 42  Studies of the 
bulk iron-CE reaction have been evaluated in multiple systems, including batch and 
column experiments,42-44 as well as field studies,36, 45 rendering the efficacy of Fe0 for 
dechlorination of CEs to be generally accepted.  In these studies, Fe0 has been shown to 
react with all six CE congeners to initially form lower-chlorinated CEs46 and chlorinated 
acetylenes.47, 48  These intermediate species react further with Fe0 to give final products 
ethylene, ethane, acetylene, and C4 products (Figure 1.3).46 
 
Figure 1.3. Reported transformations of CEs (adapted from ref. 46)  The blue pathways 
are transformations from CEs, red pathways are transformations from chlorinated 
acetylenes, and black pathways are transformations from hydrocarbons. 
 
These findings justify the widespread use of Fe0 in PRBs: not only does Fe0 remove CEs, 
but the chlorinated intermediates generated are eliminated as well, yielding non-
chlorinated, and therefore less hazardous, final products. 
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1.4.1 Proposed mechanisms 
While the studies in the literature have agreed on the extensive applicability of 
Fe0 in the dechlorination of CEs, several uncertainties have been presented in the 
literature, necessitating further investigation.  The major question pertains to the 
mechanism of degradation, as no single proposed mechanism has gained widespread 
acceptance.  Several mechanisms have been proposed for the fundamental dechlorination 
of CEs by Fe0 (Scheme 1.1). 
 
Scheme 1.1. Proposed mechanisms for the dechlorination of CEs by Fe0.46, 48  Pathways 
A-C refer to the dechlorination of TCE.  A and B are the 1- and 2-electron 
hydrogenolysis pathways, respectively, and C is the vic-Cl2-elimination pathway.  D is 
the proposed deprotonation pathway of cDCE. 
 
The most commonly proposed mechanisms are hydrogenolysis (A and B) and vic-Cl2-
elimination (C), known commonly in environmental science literature as “reductive 
elimination,” although it is not the same as the pathway by the same name known in 
organometallic transformations.46  A third pathway, deprotonation (D), is also proposed 
to be a possible route for dechlorination of CEs, although this pathway is not possible 
with PCE, which has no hydrogens available.  Deprotonation would generate the same 
products as vic-Cl2-elimination pathways.  In collecting and analyzing data that supports 
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or challenges a particular mechanism of degradation, it is important to understand that a 
single mechanistic pathway may not apply to all CEs dechlorinated by Fe0. 
One contentious issue among research groups is the effect that the degree of 
chlorination has on the rate of degradation.  Several studies have found that increasing 
the degree of chlorination increases the rate of degradation by Fe0.42, 49, 50  If the 
dechlorination mechanism proceeds via hydrogenolysis, it is predicted that more highly 
chlorinated CEs will react faster than less chlorinated CEs.  This prediction is based on 
reduction potentials, as it is easier to reduce a compound with a lower potential (Table 
1.1). 
Table 1.1. Structures and reduction potentials of CEs.51 
 
   
 
 
 
CE PCE TCE 1,1-DCE cDCE tDCE VC 
reduction potential 
vs. SHE (mV) -598 -674 -802 -955 -1012 -1141 
 
However, other studies have provided evidence to the contrary and support a vic-Cl2-
elimination pathway, concluding that the rate of degradation decreases with increased 
degree of chlorination.45, 46 
 Most studies evaluating the dechlorination of CEs by Fe0 have focused on 
heterogeneous systems.  While studying the behavior of bulk iron is most applicable to 
assessment of PRBs, the heterogeneity of these systems introduces several complications 
for fundamental understanding of the reaction between Fe0 and CEs, such as sorption, 
surface area, and reactive sites.  For instance, sorption of a CE to the iron surface, the 
first step in a heterogeneous reaction,46 is unique to each CE congener.52, 53  These 
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differences can be readily considered and accounted for if the reaction being studied is 
solely between the parent CE and Fe0; however, as stated previously, the byproducts of 
these reactions are often lower chlorinated CEs.  Without accounting for these additional 
sorption processes, the overall reactivity observed and reported may be skewed.46  Thus, 
it is essential to account for processes to accurately characterize and measure the 
observed reactivity. 
 As clearly evidenced by the previous discussion, the specific mechanistic details 
of the reactions between Fe0 and CEs have yet to be settled, making it more difficult to 
optimize ZVI as a powerful groundwater remediation tool.  However, by using an 
analogous homogeneous system, in which complicating effects of sorption processes and 
surface chemistry are eliminated while the dechlorination pathways are maintained, a 
greater mechanistic insight will be obtained for the system as a whole.  This approach 
also offers opportunity for increased control over reaction conditions and permits new 
and additional characterization techniques to be employed while probing the reaction 
mechanism and identifying intermediates. 
1.4.2 Homogeneous Fe0 model systems 
 There are relatively few Fe0 complexes reported in the literature that have been 
shown to activate sp2 C-Cl bonds.  For instance, Fe2(CO)9 has been shown to oxidatively 
insert into the C-Cl bond of chlorobutadienes.54  Formally an Fe0 species, an Fe center of 
the carbonyl compound inserts into the C-Cl bond to form a relatively stable FeII 
complex.  A similar approach was employed by Shi et al. through the use of a P ligand-
supported Fe0 complex, Fe(PMe3)4, that activates aryl C-Cl bonds.55  While the 
researchers claimed that the complex was an Fe0 analogue, it is unlikely that the 16-e- 
  11 
complex was the only species being studied.  The authors use Fe(PMe3)4 as the Fe0 
source, but considering the electron deficiency of this complex, it is unlikely that this was 
the species measured on a gram scale.  Instead, the 16-e- Fe0 complex was likely in 
equilibrium with an activated, 18-e- FeII complex, Fe(PMe3)3(PMe2CH2)H56, 57 (Scheme 
1.2). 
 
Scheme 1.2. Equilibrium of Fe(PMe3)4 with the activated ligand complex. 
 
The activation of intramolecular C-H bonds by an Fe complex supported by phosphorus 
ligands has much precedence in the literature, especially for ligands that have P-methyl 
moieties.58, 59 This equilibrium persists even at -80°C;58 thus, it cannot be decisively 
known if the aryl C-Cl activation observed is due to the reaction with the Fe0 species or 
the activated FeII complex.  Perhaps the use of more sterically crowded P ligands would 
limit the activation of the ligand by the Fe center and offer an opportunity to study the 
reaction between the Fe0 complex and the aryl C-Cl bond alone. 
 While the Fe(PMe3)4 complex may be in equilibrium with an activated-ligand, 
Fe(II) complex, there has been evidence that a reactive 16-e- Fe0 species can be generated 
from an 18-e- FeII complex.  Specifically, thermolysis of (dmpe)2FeNpH (dmpe = 1,2-
bis(dimethylphosphino)ethane; Np = 2-naphthyl) has been shown to generate a highly 
reactive, 16-e- intermediate, (dmpe)2Fe, and neutral naphthalene.56, 57  The intermediate 
then undergoes oxidative insertion with a substrate to generate a more stable, 18-e- 
complex.  The intermediate generated from the naphthyl complex has been well studied 
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for its ability to activate a variety of C-H bonds,56, 57, 60, 61 but the studies with C-Cl bonds 
have been limited.60  By generating the Fe0 species as an intermediate, the reactivity of 
the species can be manipulated by monitoring the temperature of the reaction, allowing 
for increased control of the reactant and substrate. 
 Of the Fe0 species studied for C-Cl bond activation, the majority of the complexes 
have been supported by P ligands, likely due to the stabilizing interaction of the P ligand 
with the electron-rich metal center.  The π-acid character of the phosphine ligands allows 
for stabilization with the Fe0 center through backbonding.  In addition to PMe3 and dmpe 
ligands, dimethylphosphinomethane (dmpm) and 
tris(dimethylphosphinomethyl)tertbutylsilane (tSiP3) have also been shown to stabilize 
Fe0 centers, and such complexes have been found to activate C-Cl bonds.62  One such 
complex, tSiP3(dmpm)Fe, employs both ligands and has been shown to dechlorinate the 
CE-like 1,2-dichloro-3,3,3-trifluoropropene.63  The active species is a five-coordinate, 
18-e- Fe0 complex and is considerably different from the four-coordinate Fe(PMe3)4 and 
(dmpe)2Fe species.  Dechlorination is proposed to occur via dissociation of one of the P 
ligand arms, forming a reactive 16-e- species that can oxidatively insert into the C-Cl 
bond of the substrate to generate an 18-e- Fe(II) species.  This Fe(II) species then 
undergoes β-elimination to generate tSiP3(dmpm)FeCl+Cl- and 3,3,3-trifluoropropyne, 
supporting a deprotonation or vic-Cl2-elimination pathway.63 
1.5 (dmpe)2FeH2 as an Fe0 model system 
The model system selected for the study of CE and fluorobenzene dehalogenation 
by Fe0 employs a similar approach to the (dmpe)2FeNpH system.  A well-characterized 
Fe(II) complex, (dmpe)2FeH2,  has been shown to generate a highly reactive, 16-e- 
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intermediate, (dmpe)2Fe, and H2 gas when exposed to UV light.57, 61, 64  Formally an Fe0 
species, (dmpe)2Fe has been shown to activate C-O, C-X, and sp, sp2, and sp3 C-H bonds 
to form Fe(II) species.60, 61  Due to its previously observed proclivity to oxidatively insert 
into C-X bonds, it is likely that a similar insertion mechanism will be observed in 
reactions of (dmpe)2Fe and CEs and fluorobenzenes.  But, because this complex has been 
shown to activate C-H bonds, while C-Cl or C-F activation is preferred in reactions 
aimed at the dehalogenation of substrates, investigation into the mechanism of reaction 
between (dmpe)2Fe and halogenated substrates is necessary to validate the applicability 
of this model.  The preference for insertion into the vinyl C-Cl bond versus an sp2 C-H 
bond is predicted: first, the bond strength of a C-Cl bond is less than that of an sp2 C-H 
bond (91 versus 110 kcal/mol),65 so C-Cl insertion is more energetically favorable.  Also, 
reactions of (dmpe)2Fe with methyl iodide have shown formation of a (dmpe)2Fe(CH3)I 
complex instead of a (dmpe)2Fe(CH2I)H complex, supporting the prediction that C-X 
activation is more energetically favorable than C-H activation.60  However, for the aryl 
C-X activation examined in the reaction with fluorobenzenes, the aryl C-F bond is 
stronger than the C-H bond (127 versus 113 kcal/mol).65  The use of an Fe0 model system 
may offer increased insight into the C-F activation, however energetically unfavorable, 
because bulk Fe0 has been shown to defluorinate aryl C-F bonds.66 
 This model system has a number of advantages.  First, (dmpe)2FeH2 is a well-
studied system that has been employed extensively in C-H activation.61, 64, 67  These 
detailed studies offer considerable insight into the types of reactions the complex 
undergoes, although there have been no studies focusing on the reaction with CEs or 
fluorobenzenes.  Second, because the complex photochemically generates the transient 
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intermediate (dmpe)2Fe, several spectroscopic methods become available for use: 
specifically, the reactive intermediate can be monitored by laser flash photolysis (LFP) 
and ultrafast laser spectroscopy.  In the early 1990s, Whittlesey et al. conducted a series 
of LFP experiments that probed (dmpe)2Fe and its reactivity with a variety of 
substrates.68  A third advantage to employing (dmpe)2Fe as a model system is that the Fe0 
species can be generated at specific and selected times.  Such controlled generation 
allows for more regulation of what species can interact with the Fe0 species and at what 
time.  Additionally, controlling the time at which the Fe0 species is generated allows for 
greater accuracy in kinetic studies. 
 There are some disadvantages to employing (dmpe)2Fe as a model system for Fe0 
in PRBs.  First, while the fundamental reaction between Fe0 and halogenated substrates 
can be studied by this model system, the reaction of Fe0 with aqueous substrates cannot 
be, as (dmpe)2Fe is very air- and moisture-sensitive; thus, the effects of aquation on CE 
and fluorobenzene degradation cannot be studied with this model system.  Second, 
(dmpe)2Fe is not a structural model for Fe0.  Because the Fe0 species generated is a 16 e- 
complex, it is a highly reactive species.  Iron metal, on the other hand, is still Fe0 but does 
not have the same reactivity because it is in its elemental state.  Also, the inherent 
properties of bulk iron are not represented by a small molecule containing a single iron 
atom.  These differences may be manifested in the reactivity of (dmpe)2Fe compared to 
Fe0 in PRBs.  Even though these differences are considerable, there are no better models 
that present themselves, and they are not predicted to adversely affect the study of the 
fundamental reaction with Fe0 and CEs or fluorobenzenes. 
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1.6 Photochemistry of (dmpe)2FeH2 
A common spectroscopic technique employed in physical inorganic experiments, 
laser flash photolysis (LFP) was developed in the 1960s for the study of reactive 
intermediates.  While several experimental setups have been used in LFP studies, one of 
the most common employs pump-probe and time-resolved absorbance spectroscopies.69  
In general, the sample is prepared in a closed, transparent reaction vessel and the vessels 
placed into the observation cell.  The pump, which in these original experiments was a 
Nd:YAG laser, is the source of the flash of light required to initiate the generation of the 
intermediate species and is filtered to select the wavelength and duration of the pump 
pulse.69  The probe portion of the setup is typically a lamp that emits white light, such as 
a Xe arc lamp.70  By varying the time delay between the pump pulse and the probe, the 
time required to generate the intermediate species can be determined.  The use of a laser 
as the pump allows for access to time scales on the order of nano- to picoseconds. 
Once the intermediate is generated, it is monitored by time-resolved absorbance 
spectroscopy experiments.  The intermediate absorbs some or all of the light emitted by 
the probe, and its absorbance at a particular wavelength is detected.69  Typically, the 
wavelength at which absorbance is measured is the λmax for the species of interest.  A 
kinetic trace can be collected by monitoring the decay of the intermediate over time, 
allowing for the lifetime of the intermediate to be calculated.  Fitting these decays to 
integrated rate laws allows for determination of the rate constant for the studied 
reaction.69 
 As described previously, (dmpe)2Fe is generated by the photolysis of 
(dmpe)2FeH2.  While several types of light and photochemical reaction conditions have 
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been shown to initiate the formation of this reactive intermediate, LFP offers several 
advantages for use in this system.  First, LFP allows for the generation and subsequent 
monitoring of the reactive intermediate, the species that actually reacts with the CEs of 
interest, rather than the precursor species.  LFP is unique in this regard, as other 
spectroscopic and analytical techniques cannot detect the 16-e- intermediate due to its 
short lifetime.  Second, this technique allows for kinetic data to be collected for reactions 
that occur on very short time scales.  For instance, monitoring the reaction by NMR 
allows for time scales in the millisecond range, but, as previously mentioned, the lifetime 
of (dmpe)2Fe when pulsed by a laser is in the nanosecond range.  Third, the kinetic traces 
generated by LFP analysis can be fit to combinations of different integrated rate laws, 
allowing for reactions of the parent CE and possible daughter CEs to be distinguished in 
analysis.  Finally, the LFP-induced generation of (dmpe)2Fe has been well studied.  In 
1993, Whittlesey et al. published an extensive study of LFP-induced reactions of the 
intermediate with C-H bonds; this study offers considerable insight into the behavior of 
(dmpe)2Fe under LFP conditions.68  This study concluded that (dmpe)2Fe was generated 
instantaneously and reacted on microsecond timescales, the limits of their experiment.68 
 While advantages exist to studying the photochemistry of (dmpe)2FeH2 with LFP, 
examining this iron complex on the ultrafast timescale can offer increased insight into the 
dynamics of the reaction.  In order to study the reaction between Fe0 and halogenated 
substrates, it is necessary to understand the fundamental generation of the formally Fe0 
(dmpe)2Fe upon irradiation with light and what happens when it reacts with C-X bonds.  
Whittlesey et al. were able to resolve generation of (dmpe)2Fe within 30 ns,68 but the 
dynamics of the “trigger step”, or release of H2 from the iron center, remain largely 
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unknown.  Examining this fundamental process on the ultrafast timescale will allow for 
increased understanding of the dynamics of generation of the Fe0 model on the femto- 
and picosecond timescales. 
1.7 Scope of thesis 
The objective of this dissertation is the investigation of the photochemical 
generation of an Fe0 model complex and its subsequent reactivity with C-Cl and C-F 
bonds.  In the second chapter, the photochemical generation and ultrafast dynamics of an 
Fe0 model complex is presented.  The rate of H2 escape in solvents of various viscosities, 
as well as the effect of H2 versus D2 release, is also discussed, as is the yield of geminate 
recombination of the Fe0 complex and H2 within the solvent cage.  The third chapter 
employs the photochemically generated Fe0 species to dechlorinate CE substrates.  A 
mechanistic investigation was conducted, and a hydrogenolysis pathway was observed.  
Additionally, increased chlorination of the CE substrates was observed to lead to faster 
rates of dechlorination by the Fe0 system.  Finally, in the fourth chapter, C-F activation of 
fluorobenzene substrates by the parent FeII complex is presented.  C-F activation was 
observed to occur via electron transfer within the solvent cage.  Competitive C-H 
activation of nonperfluorinated substrates was observed when light was introduced into 
the system, similar to the oxidative addition mechanism mediated by the previously 
investigated Fe0 species. 
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Chapter 2  
 
Investigation of the ultrafast dynamics of (dmpe)2FeH2 and 
(dmpe)2FeD2 in pentane and tetradecane 
  19 
2.1 Overview 
 The ultrafast dynamics of (dmpe)2FeH2 and (dmpe)2FeD2 were investigated using 
pump-probe laser spectroscopy.  Irradiation at 266 nm generates 16-e-, (dmpe)2Fe, a 
reactive intermediate that absorbs at 400 nm, in less than 100 fs.  Recombination of H2 
and D2 with (dmpe)2Fe was observed to occur in approximately 3 ps in both pentane and 
tetradecane, consistent with recombination time scales observed with other small 
molecules.  Recombination yields of H2 and D2 were larger in tetradecane than in 
pentane, consistent with solvent cage effects.  In the same solvent, more D2 recombined 
than did H2, due to the mass effect of the dissociated group.  
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2.2 Introduction 
The photodissociation and subsequent recombination of molecules in solution is 
important in developing a deeper understanding of the unique properties of these 
compounds.  The seminal studies of this field came from the evaluation of I2 dynamics in 
solution, especially the cage effect.71, 72  Wood and Rabinowitch examined the 
photodissociation of I2 and found that some I atoms recombined within the same 
solvation shell, limiting the number of I atoms that remain dissociated in solution.  This 
observation was defined as the cage effect – the geminate recombination of dissociated 
atoms or molecules within a solvent cage.72  In its most basic form, the cage effect has 
been described as a hole or space in the solvent matrix73 where dissociated atoms or 
molecules are trapped and can more readily react before random or impulsive motion 
allows for reactive species to escape the solvent cage.74 
The dynamics of atoms or molecules within a solvent cage and understanding the 
photolytic preparation of reactive intermediates can lend insight into the reactivity of 
photodissociated species.  For instance, the rate and amount of geminate recombination 
within the solvent cage can offer insight into the fundamental processes occurring on 
very fast time scales.  The geminate recombination rate of photodissociated I atoms from 
I2 is 10-15 ps in CCl4,75 while larger molecules, such as Mo-Mo dimers, recombine in 5 
ps.76  Similarly, the recombination yield of species within the cage vary based on the 
species photodissociating, as values from 30% recombination for Cr(CO)6 to 75% for 
ICN have been reported.77, 78 
In addition to differences in the rates and yields of geminate recombination, the 
effect of the solvent on photodissociated species in solution is an important area of study.  
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Early studies by Booth et al. found that species recombine more quickly with increasing 
solvent viscosity,79 and recent studies by Oelkers et al. have found that the efficiency of 
cage escape of Mo-Mo dimers decreases as solvent viscosity increases.76 
While many studies have focused on the photodissociation dynamics of molecular 
dissociation products, such as those from photolysis of I2 or Mo-Mo dimers, there has 
been increased interest into the photodissociation of inert small molecules, such as CO, 
N2, or O2, from metal centers, especially when these processes allow for increased 
reactivity.  The majority of these studies have focused on the photodissociation dynamics 
of CO from a variety of metal centers.  Early studies by Joly and Nelson evaluated the 
ultrafast dynamics of photodissociation of CO from M(CO)6 (M = Cr, Mo, W) and 
observed that, instead of the several M(CO)x fragments formed from photodissociation in 
the gas phase, only one CO dissociates from the metal center in solution.80  This control 
of CO photodissociation (dissociation of only one CO instead of several) from the metal 
center allowed for increased investigation into the dynamics of the process. 
Once the CO dissociates from the metal center, several processes have been 
observed to occur.  The simplest is geminate recombination within the solvent cage, 
which Lian et al. found to occur on a fast timescale (< 300 fs) for Group 6 hexacarbonyls 
in alkane solvents.81  Another process is association of a solvent molecule to the 
generated metal fragment.  Studies by Joly and Nelson with Group 6 hexacarbonyl 
complexes found that no significant solvent effects occurred within 350 fs but that the 
M(CO)5 fragment combines with solvent and persists on the nanosecond timescale.80, 82  
A third process is bond activation, typically of a ligand on the metal center.  Bechara et 
al. found that, after photodissociation of a CO ligand from the Fischer carbene complex 
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(OC)5W=C(OMe)Ph, the complex rearranges to activate the C-H bond of the Me group 
on a nanosecond timescale.83 
 While these processes have been well defined for metal carbonyl systems, less is 
known about the photodissociation of H2 from metal centers, important in developing an 
understanding of the unique properties of these compounds.  Several metal hydrides have 
been shown to photodissociate H2 under UV irradiation in the solution state.  
[IrClH2(PPh3)3] releases H2 over 35 minutes,84 while RhClH2(PCy3)2 releases H2 over 
several hours.85  Whittlesey et al. found that (dmpe)2FeH2 and (dmpe)2RuH2 
photodissociated H2 on the millisecond and microsecond timescales, respectively.68, 86  
However, very little is known about the photodissociation of H2 from metal centers on 
the ultrafast (femtosecond and picosecond) timescale in solution state. 
In this study, the photodissociation of H2 from (dmpe)2FeH2  on the ultrafast 
timescale is discussed.  (dmpe)2FeH2 (dmpe = 1,2-bis(dimethylphosphino)ethane) has 
been shown to activate C-H68 and C-X bonds87 upon UV irradiation.  Previous studies 
have reported dynamics on the millisecond timescale,68 but no studies have examined its 
ultrafast dynamics.  For instance, studying the ultrafast dynamics of geminate 
recombination is important to understanding the initial steps in the photochemistry of 
(dmpe)2Fe, presented in Chapters 3 and 4.  For example, if H2 and D2 geminate 
recombination from the iron center are different, additional consequences to the standard 
isotope effect must be considered.  The use of ultrafast laser spectroscopy offers insight 
into the dynamics of the photodissociation of small molecules, such as H2, on the femto- 
and picosecond timescales and is employed in this study. 
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2.3 Experimental 
2.3.1 General considerations 
 All chemicals were purchased from chemical suppliers and used as received.  
Pentane (BDH) and tetradecane (Sigma Aldrich) were dried prior to use.  Syntheses of 
(dmpe)2FeH2 (1) and (dmpe)2FeD2 (1-D2) were conducted under anhydrous and 
anaerobic conditions using proper glovebox and Schlenk line techniques following 
previously reported methods (Chapter 3).87  UV/Vis absorbance data was collected with 
an OLIS Cary 14 spectrophotometer, accompanying software, and 2 mm quartz cuvettes. 
2.3.2 Laser system 
 Ultrafast measurements were taken using a home-built, amplified ultrafast 
Ti:sapphire laser system.88  Briefly, a 200 mW, 85 MHz pulse train is produced by a 
mode-locked oscillator pumped by 2.7 W from a CW Nd:YVO4 laser (Spectra Physics, 
Millenia Pro).  Selected pulses are amplified at 1 kHz by a home-built regenerative 
amplifier pumped with a Q-switched Nd:YAG laser (Spectra Physics, Empower 15).  
After compression, the 810 nm pulses have an energy of ~400 µJ and are 60 fs fwhm, 
assuming a Gaussian profile.  Excitation pulses were created by first frequency doubling 
of the laser fundamental using a 1 mm BBO crystal to create 405 nm light.  Then, the 405 
nm light was added to the 810 nm in a second 1 mm BBO crystal to create the sum 
frequency 266 nm light.  The white light probe was generated by sending 810 nm light 
through a constant-motion, 1 mm CaF2 window (350-810 nm).  The instrument response 
time was calculated to be ~300 fs. 
2.3.3 Sample preparation 
 Stock solutions of 1 were prepared in pentane, tetradecane, or a 50:50 
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pentane:tetradecane mixture in volumetric flasks to concentrations of ~10-5 M in a 
nitrogen-filled glovebox.  Solutions of 1-D2 in pentane or tetradecane were prepared in a 
similar manner.  Aliquots of stock solutions were placed in 2 mm quartz cuvettes, fitted 
with a small stir bar, and sealed with Teflon caps and Parafilm for UV/Vis and ultrafast 
studies. 
2.3.4 Laser experiments 
General considerations.  All experiments were conducted with a pump pulse of 
150 µW, unless otherwise noted, with a beam waist of 100 µm.  Samples were stirred 
using a small motor (Thor Labs) directly below the laser crossing to minimize bleaching 
of the sample.  Samples were shielded from light except during data collection.  The 
pump light was 266 nm; probe light was either a white light continuum (380-810 nm) or a 
single color (405 nm) beam.  With the exception of sample stability studies, the sample 
was exposed to laser irradiation for no longer than 30 minutes. 
Sample stability studies.  Samples were mounted and exposed to light at a 2 ps 
pump-white light probe delay.  The sample was exposed for 50 seconds and shuttered for 
10 seconds, for a total of two hours.  The loss of signal was measured as a function of 
laser exposure time. 
Full frequency experiments.  Samples were mounted and exposed to various 
pump-white light probe delays.  After irradiation, transmitted white light was columnated 
and sent through a 10 cm lens, where it was focused onto a dispersive grating.  The light 
was incident on a 256 pixel Si-diode array (Hamamatsu).  For pentane and tetradecane, 
the first sample was run from -5 ps to 5 ps, and the second sample was run from 2.5 to 
900 ps with additional -5 ps and -3 ps background scans.  For the 50:50 mixture, the 
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second sample was run from 2.5 to 500 ps with additional background scans. 
Power dependence studies.  Samples were mounted and exposed to light at -5, 0, 
5, 50, and 300 ps pump-white light probe delays at various pump powers.  Full frequency 
spectra were collected at each delay, averaging 5000 scans per delay.  Scans of each 
sample were collected consecutively in triplicate.  
Single color experiments.  Samples were mounted and exposed to various pump-
single color probe delays with a pump power of 100 µW.  The 400 nm probe light was 
columnated and sent through a 10 cm lens, where it was focused onto a Thor Labs 
DET210 Si-photodiode fitted with a 400 nm filter (10 nm fwhm).  Each sample was run 
consecutively in triplicate. 
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2.4 Results and Discussion 
 Because 1 and 1-D2 are extremely light-sensitive, special considerations had to be 
taken to ensure sample stability.  In the static cell, photobleaching was observed after 
short (<5 minutes) periods of laser exposure.  To mitigate these effects, samples were 
stirred at constant speed by a small stir bar and stirring setup, allowing for the irradiated 
portion of the sample to be constantly refreshed. 
Even with stirring, though, it was necessary to determine the usable lifetime of 
individual samples of 1 in various solvents.  To evaluate this, full frequency spectra at 2 
ps were collected for 50 seconds, followed by 10 seconds of darkness, repeated for two 
hours.  The full frequency signal at 400 ± 5 nm decayed over time for each solvent 
(Figure 2.1).  After 10 minutes, pentane decayed at a rate of 3.33 x 10-7 mΔOD/s.  The 
50:50 mixture decayed at a rate of 1.50 x 10-8 mΔOD/s after 10 minutes, and in 
tetradecane the rate of decay was 4.72 x 10-8 mΔOD/s after 10 minutes.  Because the first 
10 minutes of all further experiments were spent optimizing the experimental setup for 
the individual sample, only the effect of laser exposure after 10 minutes was important 
for correction. 
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Figure 2.1. Observed signal at 400 ± 5 nm from 1 in various solvents as a function of 
laser exposure time.  All samples were run at a pump power of 150 µW. 
 
Samples of 1 were prepared in neat pentane, neat tetradecane, and a 50:50 v/v 
mixture of pentane and tetradecane.  Full frequency spectra were collected at either 100, 
150, or 200 µW for each solvent, and no appreciable shape change occurred.  In neat 
pentane, the spectra collected at 0, 5, 50, and 300 ps showed a maximum absorbance at 
375 nm (Figure 2.2).  With increased power, the measured signal increased linearly, but 
the shape of the spectrum did not change between 300 and 500 nm.  Similar spectra were 
observed for 1 in the 50:50 mixture (Figure 2.3) and in neat tetradecane (Figure 2.4), and 
again no shape change was observed upon increased power. 
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Figure 2.2. Power dependence of 1 in pentane.  All scans were background subtracted 
using a -5 ps trace. 
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Figure 2.3. Power dependence of 1 in 50:50 pentane:tetradecane.  All scans were 
background subtracted using a -5 ps trace. 
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Figure 2.4. Power dependence of 1 in tetradecane.  All scans were background subtracted 
using a -5 ps trace. 
 
Full frequency spectra of 1 in various solvents were also collected from 0 to 500 
ps (Figure 2.5).  All spectra were frequency corrected and corrected for laser exposure, 
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solvent.  In both pentane and tetradecane, a species with an absorbance at 375 nm 
appeared upon excitation at 266 nm, and this species decays over 900 ps.  In the 50:50 
mixture, a species with an absorbance maximum at 410 nm appeared upon excitation 
with 266 nm light and decays over 500 ps.  Integration of single colors from the full 
!1
0
1
2
m
!
O
D
100 uW
 
 
0 ps
5 ps
50 ps
300 ps
!1
0
1
2
m
!
O
D
150 uW
 
 
300 350 400 450 500
0
1
2
3
wavelength(nm)
m
!
O
D
200 uW
 
 
Student Version of MATLAB
  31 
frequency data showed similar dynamics over time from 360 to 430 nm for 1 in all 
solvents, indicating no change in the spectrum over this time period. 
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Figure 2.5. Full frequency spectra for 1 in neat pentane, 50:50, and neat tetradecane.  All 
spectra were frequency corrected, corrected for laser exposure, and scaled to single color 
traces at 400 nm. 
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were collected at 400 nm.  Using a single color probe instead of white light minimized 
the noise and allowed for scans to be conducted quickly, lessening any laser exposure 
effects.  The single color traces of 1 in various solvents are shown in Figure 2.6.  The 
data was background subtracted and corrected for the absorbance of each sample, 
because samples were created individually and each had a slightly different absorbance at 
266 nm.  The decay of 1 in various solvents was fitted to a 2-step exponential decay 
model and incorporated an instrument response (338 fs fwhm) and inputted solvent 
response function.  The 2-step exponential decay model is defined in Equation 2.1, where 
A, B, and C are signal amplitudes and the decay processes τ1 and τ2 are assumed to be 
first order. 
  
€ 
A τ1 →  B τ 2 →  C  Equation 2.1 
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Figure 2.6. Single color traces of 1 in various solvents.  Data was fit (blue) to a 2-step 
exponential model (red) with solvent background (black) and instrument response 
function (green).  The data did not fit to a single exponential, a Heavyside function, or the 
combination of both a single exponential and a Heavyside function. 
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absorbs at 400 nm was generated within 100 fs (τ1), the limit of the experimental time 
resolution.  The amount of the species generated in each solvent, B, is greatest in neat 
pentane and smallest in neat tetradecane.  In all solvents, this species decayed (τ2 ≈ 3 ps) 
to a non-zero value, C.  C represents the amount of the absorbing species that persists in 
the sample over 500 ps (900 ps for neat pentane and neat tetradecane). 
Table 2.1. Fitting parameters for 1 in various solvents.  Single-color data was 
fit to a 2-step exponential model with a solvent background.  Errors were 
calculated to the 95th confidence interval. 
solvent solvent weight A 
τ1 
(fs) B τ2 (ps) C 
% 
recombined 
pentane 0.71 ± 0.02 0 1 
0.49 ± 
0.02 2.82 ± 0.6 
0.29 ± 
0.005 40.6 ± 1.3 
50:50 0.75 ± 0.02 0 1 
0.41 ± 
0.02 3.85 ± 0.9 
0.24 ± 
0.006 41.4 ± 1.0 
tetradecane 0.78 ± 0.02 0 1 
0.33 ± 
0.02 3.67 ± 0.9 
0.18 ± 
0.006 43.6 ± 0.9 
 
The photogenerated species that absorbs at 400 nm is (dmpe)2Fe (2),68 which is 
generated in less than 100 fs (Scheme 2.1).  After generation, some 2 undergoes geminate 
recombination (τ2 ≈ 3 ps) to reform 1, while the rest persists for the duration of the 
experiment.  No other loss processes of 2 are observed over nearly 1 ns.  Geminate 
recombination has been reported to occur on timescales anywhere from several hundred 
femtoseconds to a few picoseconds,76, 77 and the observed value of 3 ps reported here is 
consistent with these findings.  A τ = 3 ps for pentane, tetradecane, and a 50:50 mixture 
of both is also consistent with previous findings, which have found that the solvent itself 
does not have a large effect on the timescale of geminate recombination but does have an 
effect on the amount of recombination observed.77 
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Scheme 2.1. Proposed generation of 2 from irradiation of 1 or 1-D2 in alkane solvents. 
 
B is the initial signal from 2, and C is the signal from 2 that persists at long times; 
thus, the percentage of 2 that has recombined can be calculated from the difference 
between B and C, as a function of B (Table 2.1).  The least amount of 1 is reformed in 
pentane (40.6%), while the most 1 is reformed in tetradecane (43.6%).  This observation 
is consistent with the prediction that increased viscosity of the solvent will lead to 
increased recombination of 2 and H2.79  Tetradecane has a viscosity of 2.13 mPa·s at 
25°C, while pentane has a viscosity of 0.22 mPa·s at 25°C;89 H2 can travel away from 2 
more quickly in pentane than it can in tetradecane.  Thus, it is expected that less 1 
reforms in pentane than in tetradecane, because more H2 has escaped the cage, leaving 
less H2 available to recombine. 
To better understand the escape of H2 from the Fe center, the same experiments 
were conducted with (dmpe)2FeD2 (1-D2), allowing for the release of D2 upon irradiation.  
Single color traces of 1-D2 in neat pentane and in neat tetradecane were collected over 
900 ps (Figure 2.7), and the data was fit to a 2-step exponential model and incorporated 
an input solvent response and instrument response (338 fs fwhm). 
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Figure 2.7. Single color traces of 1-D2 in various solvents.  Data was fit (blue) to a 2-step 
exponential model (red) with solvent background (black) and instrument response 
function (green).  The data did not fit to a single exponential, a Heavyside function, or the 
combination of both a single exponential and a Heavyside function. 
 
The parameters for the fit of 1-D2 in each solvent are summarized in Table 2.2.  
Similar to the dynamics observed with 1, 2 is generated within 100 fs and decays with a 
τ2 of ~3 ps, and more 1-D2 was reformed in tetradecane than in pentane, owing to the 
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difference in viscosity between the two solvents.  The most notable difference between 1 
and 1-D2 is the amount of recombination: more recombination is observed upon release 
of D2 from 1-D2 than H2 from 1.  This observation is consistent with previous findings 
that relate the amount of recombination with the mass of the dissociated fragment.77  
Within the solvent cage, a lighter molecule gains more of the kinetic energy after 
photodissociation – in this case, H2 would be predicted to gain more of the kinetic energy 
compared to D2, as momentum is conserved.  In comparing the recombination of either 
H2 or D2 with 2, H2 has more kinetic energy and is thus less likely to undergo geminate 
recombination. 
Table 2.2. Fitting parameters for 1-D2 in various solvents.  Single-color data 
was fit to a 2-step exponential model with a solvent background.  Errors were 
calculated to the 95th confidence interval. 
solvent solvent weight A 
τ1 
(fs) B τ2 (ps) C 
% 
recombined 
pentane 0.78 ± 0.02 0 1 
0.48 ± 
0.02 3.65 ± 0.8 
0.25 ± 
0.006 46.7 ± 0.8 
tetradecane 0.84 ± 0.02 0 1 
0.29 ± 
0.02 3.16 ± 0.8 
0.14 ± 
0.007 52.0 ± 0.7 
 
 While the observed timescales for geminate recombination of both 1 and 1-D2 in 
all studied solvents were all approximately 3 ps, the amount of observed recombination 
varied based on solvent and on the photodissociated product.  To our knowledge, this is 
the first study to evaluate the recombination of H2 and D2 to a metal center in the 
condensed phase.  Recombination yields range from 30% for Cr(CO)677 to 75% for 
ICN.78  The recombination rates observed in this study (40-50%) are consistent with these 
studies. 
Within the time covered by the experiments, we assert that 2 is a long-lived 
intermediate that persists for nearly 1 ns in neat solvent.  Several possible competing 
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processes could be conceived but are not consistent with these findings.  The first is 
association of a solvent molecule to 2 (identified as 2-solvent).  Whittlesey et al. 
observed a transient with an absorbance at 410 nm in alkane solvents on the microsecond 
timescale.  Based on reactivity and low temperature matrix studies, they assigned this 
transient to be either 2 or 2-solvent.  Kowalska et al. found that coordination of solvent 
molecules to a reactive intermediate proceeded on a timescale of a few nanoseconds,90 far 
slower than the dynamics reported here.  Additionally, C-H activation of the solvent is 
not observed, as that occurs on a timescale of 200 ns.91  Thus, solvent association and/or 
activation is not predicted to occur, and 2 is the absorbing species that persists over 1 ns. 
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2.5 Conclusion 
 The ultrafast dynamics of (dmpe)2FeH2 and (dmpe)2FeD2 were investigated and 
found to generate the 16-e- intermediate (dmpe)2Fe within 100 fs upon irradiation at 266 
nm.  This intermediate then recombined with H2 or D2 with (dmpe)2Fe in ~3 ps in both 
pentane and tetradecane, consistent with recombination time scales observed with other 
small molecules.  However, ~40% of these intermediates do not recombine, and 
(dmpe)2Fe persists over 1 ns.  This yield is dependent on both the type of molecule 
dissociated (H2 or D2) and the viscosity of the solvent.  Recombination yields of H2 and 
D2 were larger in tetradecane than in pentane, consistent with solvent cage effects and the 
effect of solvent viscosity.  In the same solvent, more D2 recombined than did H2, due to 
the mass effect of the dissociated group.  These absorbance, geminate recombination 
rates and yields, and the effect of varied metal substituent studies have allowed for 
increased understanding of the ultrafast dynamics of this 16-e-, formally Fe0, species.  
This is the first comparison of H2 and D2 geminate recombination from a metal center in 
the condensed phase, and future directions for study include evaluating the ultrafast 
dynamics of the complex in solvents of intermediate viscosity and reactivity, as well as 
adding reactive substrates to the reaction mixture to evaluate ultrafast reaction dynamics 
of the reactive intermediate.* 
                                                
* Special thanks to Eric Nordland for assistance in conducting full frequency and single 
color experiments; to Tom Pundsack for help setting up the 266 nm light and data 
analysis; and to Dr. Jon Hinke for assistance in data collection and analysis. 
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3.1 Overview 
 The reactivity of Fe0 toward chlorinated ethylenes was examined using a 
photochemically generated, highly reactive Fe0 complex.  Irradiation of (dmpe)2FeH2 
(dmpe = Me2PCH2CH2PMe2) with 360 nm light generated a 16-e-, Fe0 intermediate that 
reacted to dechlorinate chlorinated ethylene substrates in a stepwise fashion, consistent 
with a hydrogenolysis dechlorination pathway.  The source of the hydrogen atoms in the 
hydrogenolysis were the hydride ligands of an additional equivalent of (dmpe)2FeH2, as 
evidenced by deuterium labeling experiments.  The reaction was observed to be first-
order in (dmpe)2FeH2, chlorinated ethylene substrate, and the intensity of 360 nm 
radiation.  The rate of chlorinated ethylene substrate decay increased with increasing 
substrate chlorination in the order CH2=CHCl < cis-CHCl=CHCl < trans-CHCl=CHCl < 
CCl2=CHCl.  A mechanism of reaction was proposed that accounts for the reaction 
kinetics, the observed intermediates, and the origin of hydrogen atoms incorporated into 
reaction products. 
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3.2 Introduction 
 The presence of chlorinated solvents in groundwater systems has led to the 
development of technologies to mitigate these hazardous and toxic compounds.3, 92  One 
such remediation approach is permeable reactive barriers (PRBs) that employ zero-valent 
metals that react with chlorinated solvents to form lower chlorinated, less hazardous 
materials.42, 45 
Several studies have endeavored to elucidate a mechanism for reaction between 
zero-valent iron (ZVI), a metal commonly used in PRBs, and chlorinated ethylenes 
(CEs), a class of chlorinated solvents known to contaminate groundwater systems.  Some 
studies have demonstrated a hydrogenolysis mechanism,42, 93, 94 replacing chlorine with 
hydrogen in a stepwise manner, while others have observed vicinal-Cl2 elimination 
mechanisms that generate alkyne byproducts.46, 95, 96  Additionally, some reports have 
found that an increase in chlorination leads to an increase in reaction rate,49, 50 while 
others have found that lesser chlorinated substrates react fastest.45, 46, 97  The discrepancies 
in these findings have been attributed to a variety of issues introduced by the 
heterogeneous experimental conditions employed.46 
With this motivation, a phosphine-supported Fe complex can be employed to 
understand the fundamental reaction chemistry of well defined Fe0 complexes and 
chlorinated ethylenes.  Previously, a pentakis-phosphine-supported Fe complex was 
prepared and utilized to study the reaction between Fe0 and CEs.63, 98  While these 18 e-, 
L5Fe0 complexes dissociate a phosphine arm to generate a 16 e-, L4Fe0 reactive species 
that allow for C-Cl bond activation, previous studies have found that an L4Fe0 model can 
be generated without dissociation of the phosphine ligand.  Whittlesey et al. reported the 
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photochemical generation of (dmpe)2Fe (dmpe = 1,2-bis(dimethylphosphino)ethane), 
formally an L4Fe0 species, from (dmpe)2FeH2 via release of H2.68  The reactive 
(dmpe)2Fe complex was shown to activate alkyl C-H bonds upon irradiation, and given 
that C-Cl bonds are weaker (85 kcal/mol) and generally more reactive than C-H bonds 
(100 kcal/mol),65 the formally Fe0 species is predicted to activate C-Cl bonds. 
In this study, a photochemically generated, formally Fe0 species was generated and 
shown to react with CEs.  The effect of degree of chlorination on the rate of substrate 
decay was evaluated, as was the type of dechlorination pathway observed in the studied 
reaction.  Based on the collected data, a mechanism for the reaction between the Fe0 
model system and CEs was proposed.  While the use of a single iron complex and its 
reaction with CEs does not reflect the behavior between CEs and bulk ZVI, use of a 
model system allows for the determination of specific reaction parameters for the reaction 
between Fe0 and CEs. 
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3.3 Experimental 
3.3.1 General considerations 
All experiments were conducted under anhydrous and anaerobic conditions using 
glovebox and Schlenk line techniques.  All chemicals were purchased from Aldrich, 
Fluka, Merck, and Acros and used as received, unless otherwise noted.  Solvents were 
dried prior to use.99  Nuclear magnetic resonance (NMR) spectra were collected on 
Varian Inova VXR-300 MHz, Varian Inova VMX-400 MHz, and Varian Inova VI-500 
MHz instruments.  UV/Vis absorbance data were collected with OceanOptics 
CHEMUSB2 and OLIS Cary 14 spectrophotometers using quartz cuvettes.  GC-MS data 
were collected on an Agilent 6890 GC system (Phenomenex ZB-624, 60 m x 0.32 mm 
i.d., 1.8 µm film thickness) with a 5973 mass selection detector, and data were analyzed 
with the accompanying software. 
3.3.2 Synthesis 
(dmpe)2FeCl2.  The complex was prepared following reported methods.64, 100  
Briefly, FeCl2⋅2 THF (2.00 g, 7.36 mmol) was suspended in toluene, and to it was added 
bis(dimethylphosphino)ethane (dmpe; 2 mL, 14.8 mmol).  The purple-green suspension 
was stirred for 2 h.  The resulting mixture was filtered and washed with toluene.  The 
solvent and volatile materials of the green filtrate were removed under vacuum to yield 
green crystals (1.18 g, 38% yield).  1H NMR (C6D6) δ 1.97 (br s, 8H); 1.36 (s, 24H).  
31P{1H} NMR (C6D6) δ 59.6 (s, 4P). 
(dmpe)2FeH2 (1).  The complex was synthesized following a modified procedure 
of Whittlesey et al.68  In brief, a solution of (dmpe)2FeCl2 (363 mg, 850 µmol) in THF 
(20 mL) was prepared in a Schlenk flask, as was a separate suspension of LiAlH4 (206 
  46 
mg, 5.4 mmol) in THF (20 mL).  Both Schlenk flasks were placed under an H2 
atmosphere, and the solution of the dichloride was transferred to the LiAlH4 suspension 
via cannula.  The reaction mixture was stirred under H2 for ~2 h.  All solvent and volatile 
materials were removed under vacuum.  The resulting residue was extracted into pentane 
(3 x 5 mL) and filtered through a pipette filter into a foil-wrapped vial to avoid exposure 
to ambient light.  The solvent was removed from the light yellow filtrate in vacuo to yield 
a pale yellow solid (200 mg, 66% yield).  1H NMR (C6D6) δ 1.59 (br s, 10H); 1.435-
1.354 (br d, 4H); 1.239 (s, 12H); 1.085 (br s, 6H); -13.629-14.140 (dddd, 2H).  31P{1H} 
NMR (C6D6) δ 77.2 (t, J = 26.5 Hz, 2P); 67.7 (t, J = 27.2 Hz, 2P).  UV/Vis (pentane): 
λmax 214 nm, ε214 30900 L/mol⋅cm. 
(dmpe)2FeD2 (1-d2).  The complex was prepared similarly to 1 (vide supra).  
Briefly, a solution of (dmpe)2FeCl2 (515 mg, 1.21 mmol) in THF (20 mL) was prepared, 
as was a suspension of LiAlD4 (718 mg, 17.1 mmol) in THF (20 mL).  Both Schlenk 
flasks were placed under a N2 atmosphere, and the dichloride solution was added to the 
LiAlD4 suspension via cannula.  The reaction was allowed to stir under N2 for 2 h, 
shielded from ambient light then placed under vacuum to remove volatiles.  The resulting 
residue was extracted into pentane and filtered.  Volatile materials were removed in 
vacuo to yield a pale yellow solid (82 mg, 20% yield).  The product contained 
approximately 16% of the dihydride complex, 1, as evidenced by 1H NMR.  1H NMR 
(C6D6) δ 1.59 (br s, 10H); 1.435-1.354 (br d, 4H); 1.239 (s, 12H); 1.085 (br s, 6H); -
13.629-14.140 (dddd, 0.32H).  2H NMR (C7H8) δ -14.07 (br, 2H).  31P{1H} NMR (C7H8) 
δ 79.8 (br m, 2P); 69.7 (t, J = 27.2 Hz, 2P). 
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3.3.3 Construction of LED-based photoreactor 
 An LED-based photoreactor was constructed for use in photolysis experiments.  
Four 3 x 3 arrays, mounted onto plastic breadboards (RadioShack) and each consisting of 
nine 360 nm LEDs (The Fox Group, Inc.) and one 300 Ω resistor, were all serially wired.  
The breadboards were affixed in a rectangular orientation to a small plastic base to create 
a light source with a total of 36 LEDs driven at 4-5 V with a current of 0.1 A. 
3.3.4 Actinometry studies 
 All actinometry experiments were conducted using the LED photoreactor while 
protected from extraneous light sources.  For stability of the light source intensity, the 
photoreactor was allowed to run for at least 30 minutes prior to photolysis.  Experiments 
were conducted in at least triplicate following the method developed by Montalti et al.101 
Preparation of ferrioxalate actinometer solution. In the dark, K3Fe(C2O4)3⋅3 H2O 
(297 mg, 0.605 mmol) was dissolved in H2SO4 (50 mL, 0.050 M).  The resulting yellow 
solution was stored in an amber bottle. 
 Preparation of 1,10-phenanthroline actinometer solution.  A stock solution was 
prepared by dissolving 1,10-phenanthroline (phen; 1.00 g, 5.56 mmol) and NaOAc⋅3 H2O 
(225 g, 1.65 mol) in H2SO4 (1.00 L, 0.50 M).  The resulting colorless solution was stored 
in an amber bottle. 
 Actinometry experiments.  Ferrioxalate solution (3 mL, 0.012 M) was placed into 
each of two crimp cap vials, each fitted with a small stir bar. For 30 s, one vial was stirred 
in the dark, and the other was stirred in the LED photoreactor (36 LEDs).  Both vials 
were wrapped in foil (to prevent exposure to ambient light), and 1 mL from each vial was 
placed into a 1 cm plastic cuvette fitted with a small stir bar.  An aliquot of phen solution 
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(0.5 mL, 0.1%) was added to each cuvette, and the cuvettes were sealed with Parafilm.  A 
UV/Vis spectrum from 500-520 nm was collected at t = 0 min, using the dark cuvette as a 
background for the sample exposed to light.  The cuvettes were stirred in the dark for 5 
min, and another UV/Vis spectrum was collected.  This process was repeated every 5 min 
for 1 h, then every 10 min for another hour.  The absorbance at 510 nm was converted 
into photons/molecule⋅min using the literature method.101 
3.3.5 GC-MS photolysis experiments 
All photolysis experiments were conducted in the dark using the LED light 
source.  The source was allowed to warm up for at least 30 minutes prior to photolysis.  
Experiments were conducted in at least triplicate unless otherwise noted. 
General.  In the glovebox, a solution of 1 in cyclohexane (250 µL, 15.7 µmol) 
was placed in a glass crimp cap vial fitted with a small stir bar.  An aliquot of CE solution 
in cyclohexane (50 µL, 1.0 µmol) was added, and the vial was sealed.  The final 
concentrations of 1 and the CE substrate were 52 mM and 3.3 mM, respectively.  The 
vial was allowed to rest for five minutes in the dark.  A headspace sample (200 µL) was 
removed from the vial (t = 0 min), and then the vial was placed into the light source (36 
LEDs) for one minute.  At the t = 1 min time point, the vial was removed from the light 
source, another headspace sample was removed, and then the vial was placed again into 
the light source.  The process was repeated for time points t = 0, 1, 2, 4, 8, 15, 30, 45, and 
60 min.  Headspace samples were analyzed using GC-MS.  Control experiments were 
conducted in the same way, but samples were not exposed to the light source. 
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Effects of light.  The reaction between 1 (250 µL, 15.7 µmol) and CE substrates 
(50 µL, 1.0 µmol) was studied by the method described above.  Experiments were 
conducted using 0, 9, 18, 27, or 36 LEDs. 
Effects of [3].  The reaction between 1 and TCE (50 µL, 1.0 µmol) was studied 
using 36 LEDs by the method described above.  Experiments were conducted using 0, 
4.1, 7.9, 12.6, or 15.7 µmol 1. 
Effects of CE substrate.  The reaction between 1 (250 µL, 15.7 µmol) and CE 
substrates (50 µL, 1.0 µmol) was studied using 36 LEDs by the method described above.  
Experiments were conducted using TCE, cDCE, and tDCE. 
Effects of 1-D2.  The reaction between 1-D2 (250 µL, 16.5 µmol) and TCE (50 µL, 
1.0 µmol) was studied using 36 LEDs by the method described above. 
Effects of cyclohexane-d12.  The reaction between 1 (250 µL, 15.7 µmol) and CE 
substrates (50 µL, 1.0 µmol) was studied using 36 LEDs by the method described above, 
but experiments were conducted in cyclohexane-d12 instead of cyclohexane in duplicate. 
Effects of added gas.  In the glovebox, a solution of 1 in cyclohexane (250 µL, 
15.7 µmol) was placed in a glass crimp cap vial fitted with a small stir bar.  An aliquot of 
CE solution in cyclohexane (50 µL, 1.0 µmol) was added, and the vial was sealed.  H2 (30 
mL) or D2 (28 mL) was bubbled into the solution in the vial, and after addition, the vial 
was allowed to rest for five minutes in the dark.  Photolysis, headspace samples, and 
analysis were conducted following the method described above. 
GC-MS analysis.  All studies were conducted using headspace injections (200 µL) 
of crimp-capped vials containing the reaction mixture.  The volume was injected into the 
column at 140°C, and the sample ran for 11.5 min.  All spectra were collected in scan 
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mode, and peaks of interest were detected using extracted ion chromatograms set to 
detect parent m/z values.  Detected m/z values were 130 for TCE, 96 for DCEs, and 62 
for VC.  GC retention times were used to identify the products and were compared to the 
retention times of known standards.  cDCE, tDCE, and 1,1-DCE were all able to be 
separated using this method. 
3.3.6 NMR photolysis experiments 
All photolysis experiments were conducted in the dark using the LED light 
source.  The source was allowed to warm up for at least 30 minutes prior to photolysis.  
Experiments were conducted at least in triplicate unless otherwise noted. 
cDCE and tDCE.  In the glovebox, an aliquot of DCE solution in cyclohexane-d12 
(200 µL, 2.6 µmol) was added to an aliquot of a solution of 1 in cyclohexane-d12 (500 µL, 
35.2 µmol) in a J-Young tube.  The tube was sealed, removed from the glovebox, and 
kept away from light.  A 1H NMR spectrum was collected at t = 0 min, and then the tube 
was placed into the LED light source for one minute.  At the t = 1 min time point, another 
1H NMR spectrum was collected, and the tube was placed again into the light source.  
The process was repeated for time points t = 0, 1, 2, 4, 8, 15, 30, 45, 60, and 75 min.  
Experiments were conducted in duplicate for tDCE. 
VC.  In the glovebox, an aliquot of cyclohexane-d12 (200 µL) was added to an 
aliquot of a solution of 1 in cyclohexane-d12 (500 µL, 35.2 µmol) in a J-Young tube.  The 
tube was sealed, removed from the glovebox, placed into liquid N2 to freeze the sample, 
and kept away from light.  The frozen sample was placed under vacuum to remove 
headspace, and VC (58 mTorr, 2.4 µmol) was added to the frozen solution via a vacuum 
transfer.  The solution was allowed to thaw to ambient temperature, away from light.  A 
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1H NMR spectrum was collected at t = 0 min, and then the tube was placed into the LED 
light source for one minute.  At the t = 1 min time point, another 1H NMR spectrum was 
collected, and the tube was placed again into the light source.  The process was repeated 
for time points t = 0, 1, 2, 4, 8, 15, 30, 45, 60, and 75 min.  The experiment was 
conducted in duplicate. 
NMR analysis.  Each 1H NMR spectrum was integrated relative to a grease peak 
at 0.1 ppm.  The bc command was employed to correct the baseline of each spectrum. 
3.3.7 MATLAB fittings 
 CE growth and decay.  Growth and decay k values were determined by globally 
fitting GC-MS or NMR data to kinetic models in MATLAB.  The decay of TCE (kT) was 
defined as the sum of k1 and k2.  The growth of cDCE from TCE was defined as k1, and 
the decay was defined as k3.  The growth of tDCE from TCE was defined as k2, and its 
decay was defined as k4. 
 Equation 3.1 
 Equation 3.2 
 Equation 3.3 
 
 Matrix approach to D incorporation.  In order to determine the deuterium 
incorporation present in photoproducts, a matrix approach was chosen to convert ion 
intensities into the number of deuterium atoms present.  Based on the ion intensities of 
the parent ion fragment of the species of interest, a theoretical matrix (A) was generated.  
This matrix was calculated by extrapolating the relative ion intensities of the fragment 
without deuterium to relative ion intensities of the fragment with a defined number of 
deuterium atoms (Table 3.1 and Table 3.2). 
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 For each deuterated product generated during a photolysis experiment, the 
integrated peak area for each m/z value in the parent ion fragment was extracted.  The 
extracted area integrations were normalized to the highest mass to generate a “photolysis 
column vector” (B) (Table 3.3). 
 
 
 
 
 
 
 
Table 3.1.  Theoretical matrix 
(A1) containing relative ion 
intensities for the mass spectrum 
fragment 96 of DCE, which can 
contain up to two deuterium 
atoms.  The fragment without 
deuterium consists of masses m/z 
96 (100%), 97 (2.2%), and 98 
(64.8%). 
  number of D atoms 
  0 D 1 D 2 D 
96 1 0 0 
97 0.022 1 0 
98 0.648 0.022 1 
99 0.014 0.648 0.022 
100 0.105 0.014 0.648 
101 0.002 0.105 0.014 
102 0 0.002 0.105 
m
as
se
s (
m
/z
) 
103 0 0 0.002 
Table 3.2.  Theoretical matrix (A2) 
containing relative ion intensities for the 
mass spectrum fragment 62 of VC, which 
can contain up to three deuterium atoms.  
The fragment without deuterium consists 
of masses m/z 62 (100%), 63 (2.2%), 64 
(32.4%), and 65 (0.7%). 
  number of D atoms 
  0 D 1 D 2 D 3 D 
62 1 0 0 0 
63 0.022 1 0 0 
64 0.324 0.022 1 0 
65 0.007 0.324 0.022 1 
66 0 0.007 0.324 0.022 
67 0 0 0.007 0.324 m
as
se
s (
m
/z
) 
68 0 0 0 0.007 
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Table 3.3.  “Photolysis 
column vector” (B1) 
containing relative ion 
intensities extracted from 
the mass spectrum for 
deuterated cDCE as a 
product of the reaction 
between 1-D2 and TCE at 
1 min. 
reaction product 
  relative peak 
areas 
96 0.172 
97 1 
98 0.129 
99 0.638 
100 0.0170 
101 0.0889 
102 0 
m
as
se
s (
m
/z
) 
103 0 
 
 The number of deuterium atoms contained in the product is then calculated by 
weighting the theoretical matrix (A) so that it gives the vector with the extracted relative 
ion intensities of the mass fragment of the product (B); that is, the theoretical matrix (A) 
multiplied with a weighting vector (X) gives the photolysis column vector (B). 
theoretical matrix (A) × weighting vector (X) = photolysis column vector (B) 
AX = B 
The weighting vector (X) can be calculated with the mldivide (\) function in MATLAB. 
X = A \ B 
The weighting vector (X) is the least-squares solution to the overdetermined system of 
equations AX = B.  From the resulting weighting vector (X), the values were normalized 
to total 100% (Table 3.4). 
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Table 3.4.  Weighting vector (X) 
calculated for deuterated cDCE 
as a product of the reaction 
between 1-D2 and TCE, 
containing the percentage of the 
cDCE products containing a 
certain number of deuterium 
atoms. 
 number of deuterium atoms 
 0 D 1 D 2 D 
% 15.1 85.9 0 
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3.4 Results and Discussion 
 Following literature procedures, (dmpe)2FeH2 (1) was prepared in 66% yield from 
(dmpe)2FeCl2 and LiAH4.100   The pale yellow solid was isolated and characterized by 1H 
and 31P NMR and UV/Vis spectroscopy.  The 1H NMR spectra reveal a dddd splitting 
pattern of the two hydrides at δ -13.9 ppm, indicating that the hydrides are cis to each 
other.  This is confirmed by the presence of two triplets at δ 77.2 and 67.7 ppm in the 31P 
NMR spectra, indicating that the two P environments on the dmpe ligands are distinct.  
Previous studies have demonstrated that, upon exposure to light, the 18 e- dihydride 
complex (1) generates a 16 e- intermediate (2) (Scheme 3.1) that is capable of activating 
C-H and C-Cl bonds.60, 68  Based on matrix isolation UV/Vis studies, the geometry of 2 is 
believed to be cis-divalent octahedral and not square planar.68 
 
Scheme 3.1.  Generation of 16 e- intermediate 2 from reaction of 1 and hν. 
 
The UV/Vis absorbance spectrum of 1 displayed a λmax value at 214 nm, with 
limited absorbance at λ > 400 nm.  For photolysis studies, a 360 nm LED light source 
was selected.  The ε360 nm value (2484 L/mol⋅cm) is considerably lower than maximum 
molar absorptivity value (30900 L/mol⋅cm at 214 nm).  Irradiation at 360 nm in the LED 
photoreactor led to phototransformation on time scales that were convenient to follow by 
NMR spectroscopy and GC-MS analysis. 
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Reaction between 1 and CE substrates (TCE, cDCE, tDCE, and VC) was 
observed upon irradiation with 360 nm light, while no dark reaction was observed 
(Scheme 3.2).  In contrast, perchloroethylene was found to react with 1 in the absence of 
light (data not shown) and was therefore not included in this study. 
 
Scheme 3.2.  Observed transformation of TCE with 16 e- intermediate 2. 
 
The transformation pathways of the various CE substrates mediated by 1 and 360 nm 
light are summarized in Scheme 3.3.  Dechlorination appeared to occur in a stepwise 
manner, such that TCE was dechlorinated to generate both cDCE and tDCE in 
approximately a 4:1 ratio with a mass balance of ~80%.  Stepwise dechlorination was 
also observed for the photochemical reactions between 1 and cDCE and tDCE, with both 
substrates forming up to 20% VC by the end of each experiment.  The reaction between 1 
and VC also underwent stepwise dechlorination to yield ethylene.  No 1,1-DCE or 
acetylene products were observed upon photolysis of 1 and any investigated CE 
substrate. 
 
Scheme 3.3.  Observed reaction pathways for the reaction of 1 with CE substrates and hν. 
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Photolysis of 1 with cDCE, tDCE, and VC also generated (dmpe)2Fe-based 
photoproducts, including trans-(dmpe)2FeCl2, trans-(dmpe)2Fe(H)Cl (3), trans-
(dmpe)2Fe(vinyl)Cl, and cis-(dmpe)2Fe(vinyl)H, observed by 1H NMR.64 
 Because the reaction between 1 and CE substrates is predicated on the presence of 
light (and generation of reactive species 2), the effect of the amount of light on the rate of 
reaction was investigated.  The reaction of 1 with a CE and varying amounts of 360 nm 
light was studied over 60 minutes.  The reaction was monitored by headspace samples 
analyzed by GC-MS.  As the amount of light increased, the rate of CE substrate decay 
increased (Figure 3.1 and Figure 3.2), indicating that the reaction has a first-order 
dependence on the amount of 360 nm light present in the system. 
 
Figure 3.1.  Dependence of kTCE (, R2=0.99) values on amount of irradiation at 360 nm.  
Initial concentrations were 54 mM for 1 and 2.3-2.7 mM for TCE. 
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Figure 3.2.  Dependence of kcDCE (▲, R2=0.90) and ktDCE (, R2=0.97) values on amount 
of irradiation at 360 nm.  Initial concentrations were 54 mM for 1, 2.3-2.7 mM for cDCE, 
and 2.9-6.3 mM for tDCE. 
 
With increased amounts of light, however, the relative rates of reaction remained 
approximately constant (Figure 3.3).  This indicates that the amount of light does not 
affect the relative rates of CE decay between 1 and each CE substrate. 
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Figure 3.3.  Dependence of rate constant values, relative to k3, of k1 (Δ), k2 (°), k3 (▲), 
and k4 () on amount of irradiation at 360 nm.  Initial concentrations of TCE were 2.3-2.7 
mM, 3.2-3.5 mM for cDCE, 2.9-6.3 mM for tDCE, and 54 mM for 1. 
 
 The effect of [1] on rates of CE decay was also examined.  With maximum 
irradiation from the LED box, an increase in [1] led to a linear increase in the rate of TCE 
decay (kTCE) (Figure 3.4).  This indicates that the photochemical reaction between 1 and 
TCE is first-order with respect to 1 and that the reaction between 1 and CE substrates is 
stoichiometric with respect to 1. 
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Figure 3.4.  Dependence of TCE decay values (, kTCE, R2=0.96) on [1].  Initial TCE 
concentrations were 2.3-2.7 mM for all trials.  
 
 The photochemical reaction between 1 and CE substrates was also found to be 
first-order with respect to CE (Figure 3.5, Figure 3.6, Figure 3.7, and Figure 3.8).  The 
fastest phototransformation rate was observed for the degradation of TCE (kTCE), 
followed by tDCE (ktDCE), cDCE (kcDCE), and VC (kVC).  The relative rates, determined 
using a combination of kinetic methods (monitoring by headspace GC-MS analysis and 
1H NMR spectroscopy), were found to be 220:30:9:1.  The rate constants determined for 
each CE substrate is summarized in Table 3.5.  These data clearly show that a decrease in 
the degree of chlorination of the CE substrate leads to a decrease in the rate of reaction 
between the CE and 2.  The observed rates of substrate decay are about 50% lower for 1H 
NMR experiments due to the difference in the reaction vessels (glass of the sample tube 
and distance from the photoreactor) used for 1H NMR and GC-MS experiments. 
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Figure 3.5.  Decay of TCE (, R2=0.99) upon photolysis at 360 nm with 1 (52.3 mM).  
The photoproducts observed by GC-MS are cDCE (▲, R2=0.97) and tDCE (, R2=0.96).  
cDCE and tDCE further react with 1 to generate VC (). 
 
 
Figure 3.6.  Decay of cDCE (▲, R2=0.96) upon photolysis at 360 nm with 1 (52.3 mM).  
The only observed photoproduct by GC-MS is VC ().  
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Figure 3.7.  Decay of tDCE (, R2=0.99) upon photolysis at 360 nm with 1 (57.3 mM).  
The only observed photoproduct by GC-MS is VC ().  
 
 
Figure 3.8.  Decay of VC (, R2=0.99) upon photolysis at 360 nm with 1 (52 mM), 
observed by 1H NMR.  These data were fit beginning with the 8 minute time point (solid) 
to allow for temperature equilibration between the sample and the NMR probe.  
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Table 3.5.  Observed rate constant values (10-3 s-1) for the reaction of 
CEs with 1 (56 mM).  The measured irradiance in the GC-MS 
experiments was 9.44 × 10-7 photons/molecule min. 
rate constant (10-3 s-1) analysis 
method TCE (kTCE) tDCE (ktDCE) cDCE (kcDCE) VC (kVC) 
GC-MS 30 ± 10 3.8 ± 0.2 1.2 ± 0.07 - a 
1H NMR - a 1.7 ± 0.2 0.78 ± 0.1 0.18 ± 0.07 
a Not measured 
 
 Because stepwise dechlorination is observed from the photochemical reaction 
between 1 and CE substrates, the origin of the H incorporated in volatile photoproducts 
was examined.  To probe whether the H originated from the hydride ligands of 1, 
(dmpe)2FeD2 (1-D2) was synthesized (84% 1-D2, 16% 1 by 1H NMR).  Incorporation of 
deuterium into volatile photoproducts was clearly observed (Figure 3.9), and the amount 
of deuterium incorporation was calculated from the GC-MS chromatograms using a 
matrix method.  The observed photoproducts are summarized in Table 3.6.  The data 
were consistent with the major DCE product of the reaction being DCE-d1 species.  The 
presence of unlabelled 1 in the reaction mixture was likely the source of the unlabeled 
cDCE (12% cDCE-d0) but cannot account for all of the unlabeled tDCE (35% tDCE-d0).  
Currently, we do not yet understand why cis- and trans-DCE are formed with different 
levels of deuterium incorporation in these experiments, but it clearly points to a 
difference in the mechanism of formation of these two products. 
For VC photoproducts, the major product observed (70%) is VC-d2, presumably 
produced from the reaction between 1-D2 and DCE-d1.  Minor product VC-d1 (24%) was 
likely generated from either the reaction between 1 and DCE-d1 or between 1-D2 and 
DCE-d0.  VC-d0 (6%) was also observed and presumed to form from the reaction 
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between 1 and DCE-d0.  No DCE-d2 or VC-d3 was observed, indicating that a maximum 
of only one chlorine was replaced with deuterium at each step of the reaction.   
 
Figure 3.9.  Decay of TCE (, R2=0.88) upon photolysis at 360 nm with 1-D2 (52.3 
mM).  The observed photoproducts are cDCE (Δ), cDCE-d1 (▲), tDCE (°), and tDCE-d1 
().  These DCEs then decay to VC (purple), of which the major photoproduct is VC-d2. 
 
Table 3.6.  Amount of deuterium 
incorporation (%) for the reaction of 1-D2 
and TCE over 60 minutes and an 
irradiation of 9.44 × 10-7 
photons/molecule min. 
CE d0 d1 d2 d3 
cDCE 12 ± 2 88 ± 2 0  
tDCE 35 ± 3 65 ± 3 0  
VC 5.7 ± 2 27 ± 4 70 ± 4 0 
 
The incorporation of deuterium into volatile photoproducts indicated that the 
source of the incoming H atoms in the stepwise replacement of chlorine with hydrogen 
was the Fe-H moiety of 1.  Under the assumption that both hydrides of 1 are capable of 
being transferred to the olefin, the overall stoichiometry of 1 to CE substrate is 1.5:1.  
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While 1.5 equivalents of 1 are involved in the transformation of the CEs, the kinetic 
results, which show a first-order dependence in 1, indicate that the reaction with a second 
equivalent of 1 occurs after the rate-determining step. 
Replacing the hydride ligands of 1 with deuterium also caused the rate of TCE 
decay to decrease (Table 3.7), indicating the involvement of the Fe-H/D bond in the 
mechanism before or during the rate-determining step of the reaction between 1 and CE 
substrates.  Whittlesey et al. found a weak isotope effect (kH/kD = 1.09 ± 0.07) for the 
reaction between H2 and 2 (i.e. the kr step in Scheme 3.4).68  If this were the only isotope 
effect operating, it would predict a slightly faster reaction starting from 1-D2, as the 
reaction of 2 with D2 would be less important than for the reaction of 2 with H2.  
However, we observed the opposite, with an average 1.7-fold slower reaction starting 
with 1-D2.  This seems to indicate that the observed isotope effect presented herein is 
related to different rates of release of H2 and D2 from the iron center (i.e. the kf step of in 
Scheme 3.4).  While the isotope effects associated with dihydrogen activation equilibria 
must be interpreted with care,102 it is worth noting that D2 has often been found to bind 
more tightly to metal centers than has H2.103-106 
Table 3.7.  Observed rate constant values for reaction of TCE and either 1 (56 mM) or 1-
D2 (56 mM).  The amount of irradiation was 9.44 × 10-7 photons/molecule min, and the 
initial TCE concentrations were 1.7-2.6 mM. 
rate of decay (10-3 s-1) k1 k2 k3 k4 
[1] 24.7 ± 4.8 5.8 ± 4.5 2.07 ± 0.07 5.5 ± 4.8 
[1-D2] 15.0 ± 1.1 2.42 ± 0.1 1.6 ± 0.1 3.7 ± 0.8 
 
 In addition to the hydride of 1, another potential source of hydrogen in the 
reaction between 1 and CE substrates is the solvent, cyclohexane.  Because 1 has been 
shown to activate C-H bonds, including those of cyclohexane,68 the reaction was 
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conducted in cyclohexane-d12 and analyzed via GC-MS for deuterium incorporation.  
Minimal deuterium incorporation was observed for the photoproducts of cDCE (96% 
cDCE-d0), tDCE (81% tDCE-d0), and VC (90% VC-d0), indicating that cyclohexane does 
not contribute a significant amount of protons to the reaction between 1 and CE 
substrates. 
Irradiation of 1 and CE substrates forms reactive intermediate 2 and releases H2.68  
To probe the kinetic effect of this release, H2 (or D2) was bubbled into the system, and 
the effect on the rate of TCE decay was analyzed via GC-MS (Figure 3.10 and Figure 
3.11).  The results of these studies are summarized in Table 3.8.  When H2 is added, the 
degradation rate constant for TCE (kTCE, sum of k1 and k2) decreased 7-fold and 5.9-fold 
upon addition of D2.  The decrease in kTCE supports previous findings that H2 is reversibly 
released in the photochemical reaction of 1.  This is also consistent with the observations 
of Whittlesey et al., who found that addition of H2 and D2 both increase the back reaction 
of 2 to 1, which lowers the steady-state concentration of 2.68  They observed that adding 
H2 to the system caused a decrease in the rate of formation of 2 and that adding D2 
instead of H2 had little effect on the system.68  No deuterium incorporation was observed 
in the reaction of 1 with D2, indicating that the hydrogen atoms incorporated in the 
photoproducts are not from the released H2. 
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Figure 3.10. Decay of TCE () upon photolysis at 360 nm with 1 (52.3 mM) and 30 mL 
added H2.  The observed photoproducts are cDCE (▲) and tDCE (), which both decay 
to VC (). 
 
 
Figure 3.11. Decay of TCE () upon photolysis at 360 nm with 1 (52.3 mM) and 28 mL 
added D2.  The observed photoproducts are cDCE (▲) and tDCE (), which both decay 
to VC (). 
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Table 3.8.  Observed rate constant values for 
reaction of TCE and 1 (55 mM) with an addition 
of H2 (30 mL) or D2 (28 mL) gas.  The amount of 
irradiation was 9.44 × 10-7 photons/molecule min, 
and initial TCE concentrations were 2.6-3.5 mM. 
rate of decay (10-3 s-1) kTCE krel 
no gas 30 ± 10 1 
H2 4.3 ± 2.7 0.14 
D2 5.2 ± 2 0.17 
 
 Based on the kinetic data and isotope labeling studies, we propose the mechanism 
illustrated in Scheme 3.4.  Upon introduction of light, complex 1 photodissociates, 
releasing H2 and generating the reactive, 16 e- intermediate 2.  This process proceeds with 
rate constant kf, which is equal to the product of light flux at 360 nm (I360, mmol 
photons/cm2·s), molar extinction (ε360, L/mol·cm), the quantum yield (Φ360), and the 
natural logarithm of 10 to convert the decadic molar extinction to Naperian units.  
Intermediate 2 can one, react with H2 to reform 1 (kr); two, react with solvent (ksolv),68 
presumably forming an alkyl hydride complex analogous to those identified by Field et 
al.;64 or three, react irreversibly with TCE (kTCE).  Upon reaction with TCE, we propose 
that the intermediate generated is the (dichlorovinyl)(chloro)iron complex 4.  Complex 4 
is proposed to be in equilibrium with complex 5, undergoing hydride/chloride exchange 
with an additional equivalent of 1 to form the (dichlorovinyl)(hydrido)iron complex 5 and 
the (hydrido)(chloro)iron complex 3.  Support for this comes from the observation of 3 
by NMR spectroscopy, as well as the observation of the non-chlorinated analogues of 4 
and 5 when VC is employed as the CE substrate.  Such an exchange accounts for how 
complex 1 is the source of hydrogen atoms in the dechlorinated product.  Complex 5 can 
undergo reductive elimination to form DCE products and reform 2.  The fact that 
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(dmpe)2Fe(vinyl)H was observed, while its chlorovinyl analogues were not, may indicate 
that the reductive elimination step is faster for the chlorovinyl complexes. 
This mechanism correctly predicts the order in [1], [TCE], and the inhibition by 
added H2.  Upon initial consideration, this mechanism would seem to predict 
autocatalytic behavior, where the reaction would accelerate with time due to the 
reformation of active intermediate 2.  However, this is not observed because the majority 
of 2 goes on to react with solvent,68 making the turnover number much less than 1. 
 
Scheme 3.4.  Proposed mechanism and corresponding rate law for the photochemical 
conversion of TCE to cDCE mediated by 1. 
 
Considering the reaction between 2 and TCE, an alternative to the proposed C-Cl 
oxidative addition is an outer-sphere electron transfer to produce (dmpe)2Fe+ and a 
dichlorovinyl radical.  These reactions typically produce low cis- to trans-DCE ratios 
(<5:1),107 and the intermediate radicals can typically be trapped by D-atom donors such 
as THF-d8.108  When investigating the radical-based dechlorination of TCE by cobalamin, 
deuterium incorporation was found to occur in the majority of the products when high 
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(650 mM) trap concentrations were employed.108  In the present work, while a low cis- to 
trans-DCE ratio (~4:1) was found, no deuterium incorporation was observed when the 
photoreaction of 1 and TCE was conducted in the presence of THF-d8 (1 M), arguing 
strongly against the presence of chlorovinyl radical intermediates.  We therefore favor the 
oxidative addition pathway presented in Scheme 3.4. 
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3.5 Conclusions 
 The reaction between photochemically generated 2 and CE substrates was found 
to proceed via a stepwise dechlorination mechanism, and increased substrate chlorination 
led to faster rates of CE substrate decay.  A proposed mechanism accounts for the role of 
1 as the source of hydrogen observed in photoproducts, as determined by deuterium 
labeling experiments.  Opportunities for future study include evaluating 1 and its reaction 
with other chlorinated ground and drinking water contaminants, especially with a well 
defined model system that allows for increased control of reaction conditions and 
controlled generation of the reactive Fe0 species.* 
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Matt Hauwiller for his work developing the actinometry system and photolysis 
conditions, Dr. Alicia A. Peterson for initial studies, and Dr. Letitia Yao for helpful NMR 
discussions.  Special thanks also to Tom Pundsack for his assistance in constructing the 
LED photoreactor. 
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Chapter 4  
 
C-F and C-H activation of fluorinated benzenes by 
(dmpe)2FeH2 and (dmpe)2Fe (dmpe = 1,2-
bis(dimethylphosphino)ethane) 
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4.1 Overview 
The reaction of (dmpe)2FeH2 and hexa-, penta-, tetra-, and fluorobenzene substrates 
was found to proceed via two different pathways, C-F activation and photochemically 
induced C-H activation.  Activation of C-F bonds was found to occur in reactions with 
hexa- and pentafluorobenzene.  Introduction of light into the reaction system led to C-H 
activation for reactions with penta-, tetra-, and fluorobenzene substrates.  The final 
products for all reactions were (dmpe)2Fe(aryl)H complexes as observed by 19F and 31P 
NMR studies, as well as trace amounts of singly defluorinated fluorobenzene substrates 
for reactions with hexa- and pentafluorobenzene observed by GC-MS studies.  While C-
H activation is the only pathway observed for tetrafluorobenzene and fluorobenzene 
substrates, competitive C-F and C-H activation occurs with pentafluorobenzene when 
360 nm light is introduced into the system.  A mechanism for both C-H and C-F 
activation pathways is proposed. 
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4.2 Introduction 
C-F bonds are among the strongest bonds in organic chemistry.  For instance, 
aromatic C-H bonds have a bond dissociation energy of 110 kcal/mol but aromatic C-F 
bonds require 127 kcal/mol of energy to break the bond.65  Because of its strength and 
associated inertness, C-F bonds have been employed in a variety of sectors to impart 
specific functionality to a variety of substances.109  The incorporation of C-F bonds into 
materials including Teflon® and perfluorooctanoic acid,110 pharmaceuticals such as 
Lipitor®111 and Paxil®,112 and agrochemicals113 (Figure 4.1) has led to myriad advances 
in their respective fields.  However, the increase in use of these fluorinated compounds 
has led to their introduction into environmental systems, and the environmental fate of 
these compounds is important to understand.19 
 
Figure 4.1. Representative organofluorine compounds.  Paroxetine and atorvastatin are 
oft-prescribed pharmaceuticals, commonly known by their brand names.  
Polytetrafluoroethylene (Teflon®) and perfluorooctanoic acid (PFOA) are widely used 
for their unique non-stick material properties.  Flumetralin is a pesticide used on tobacco 
plants. 
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Fluoroaromatic compounds are a specific subclass of fluorinated compounds, 
characterized by one or more fluorine substituents on an aromatic ring.  In 2000, the 
capacity to generate over 35,000 tons of fluoroaromatic compounds was realized.114  Past 
trends in fluoroaromatic production,19 coupled with the use of fluoroaromatics as a 
popular pharmaceutical motif,115 indicates that the production of these compounds has 
increased since 2000.  Due to their widespread use and employment, fluoroaromatics are 
considered emerging environmental contaminants and have entered groundwater systems 
due to improper industrial disposal.116  It is thus important to understand the 
environmental fate of these compounds and possible pathways for remediation from 
contaminated systems. 
Several approaches have been employed to activate the C-F bond of fluoroaromatic 
compounds.  One of the most common methods for remediation is hydrodehalogenation, 
or the replacement of the C-F bond with a C-H bond.27  Biological,117 photochemical,118 
and catalytic119 methods have all shown an ability to activate the C-F bond, and transition 
metal-mediated activation is an especially robust area of research.27 
Transition metal-mediated aromatic hydrodefluorination has been achieved with the 
use of expensive, relatively rare metal catalysts, including rhodium,116, 120 platinum,121 
and ruthenium.122, 123  These systems, while effective, are limited in their applicability by 
their rarity and expense.  Thus, efforts to achieve hydrodefluorination of aromatic C-F 
bonds by more earth abundant, cheaper transition metals are a favorable endeavor. 
One such transition metal that could be employed is iron, a transition metal that is 
much cheaper and more abundant.  Zero-valent iron (Fe0) has been employed in 
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permeable reactive barriers to remediate groundwater from a variety of contaminants42 
and has been shown to defluorinate aromatic C-F bonds.66  Much of the research into 
defluorination by iron has focused on bulk iron systems, but these studies introduce bulk 
effects that can hinder understanding of hydrodefluorination events on a molecular level.  
Relatively few studies have examined the role of molecular iron complexes in aromatic 
hydrodefluorination,124-126 and increased research into these types of systems is important 
to further understand the role of iron in defluorination processes. 
To this end, a well defined iron complex, (dmpe)2FeH2 (1; dmpe = 1,2-
bis(dimethylphosphino)ethane), is known to photochemically activate a variety of C-H 
and C-Cl bonds,68, 87 but C-F bond activation has not been explored with this system.  In 
this study, (dmpe)2FeH2 was photochemically activated and allowed to react with 
hexafluorobenzene (C6F6), pentafluorobenzene (C6F5H), tetrafluorobenzenes (C6F4H2), 
and fluorobenzene (C6FH5) to evaluate its propensity toward C-F activation.  C-F 
activation was observed to occur independent of photochemical activation with hexa- and 
pentafluorobenzene, while light-mediated C-H activation was observed for 
pentafluorobenzene, the tetrafluorobenzenes, and fluorobenzene.  A proposed mechanism 
for both pathways was developed to account for experimental observations and the 
competition between both pathways for pentafluorobenzene substrates. 
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4.3 Experimental 
4.3.1 General considerations 
All experiments were conducted under anhydrous and anaerobic conditions using 
glovebox and Schlenk line techniques.  All chemicals were purchased from Aldrich and 
used as received, unless otherwise noted.  Solvents were dried prior to use.99  All 
fluorobenzene substrates (Figure 4.2) were prepared by vacuum transferring the substrate 
after drying over P2O5.  NMR spectra were collected on a Varian VXR-300 instrument.  
GC-MS data were collected on an Agilent 6890 GC system (Phenomenex ZB-624, 60 m 
x 0.32 mm i.d., 1.8 µm film thickness) with a 5973 mass selection detector, and data were 
analyzed with the accompanying software.  The complexes (dmpe)2FeCl2, 1, and 1-D2 
were synthesized and characterized following the methods described in Chapter 3. 
 
Figure 4.2. Fluorobenzene substrates investigated for reaction with 1. 
 
The 360 nm LED photoreactor used in these experiments was the same described 
and employed in Chapter 3.  All photolysis experiments were conducted in the dark using 
the LED light source.  The source was allowed to warm up for at least 30 minutes prior to 
photolysis. 
4.3.2 GC-MS photolysis experiments 
General.  In the glovebox, a solution of 1 in cyclohexane (250 µL, 15.7 µmol) 
was placed in a glass crimp-cap vial fitted with a small stir bar.  An aliquot of 
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fluorobenzene solution in cyclohexane (50 µL, 1.0 µmol) was added, and the vial was 
sealed.  The final concentrations of 1 and the fluorinated substrate were 50 mM and 5.0 
mM, respectively.  The vial was allowed to stand for five minutes in the dark.  A 
headspace sample (200 µL) was removed from the vial (t = 0 min), and then the vial was 
placed into the light source (36 LEDs) for one minute.  At the t = 1 min time point, the 
vial was removed from the light source, another headspace sample was removed, and 
then the vial was placed again into the light source.  The process was repeated for time 
points t = 0, 1, 2, 4, 8, 15, 30, 45, and 60 min.  Headspace samples were analyzed using 
GC-MS.  Control experiments were conducted in the same way, but samples were not 
exposed to the light source.  Experiments were conducted in triplicate. 
GC-MS analysis.  All studies were conducted using headspace injections (200 µL) 
of crimp-capped vials containing the reaction mixture.  All spectra were collected in scan 
mode, and peaks of interest were detected using extracted ion chromatograms set to 
detect m/z values of the molecular ions.  Detected m/z values were 186 for C6F6, 168 for 
C6F5H, 150 for C6F4H2 congeners, 132 for C6F3H3 congeners, 96 for C6FH5, and 78 for 
C6H6.  GC retention times were used to identify the products and were compared to the 
retention times of known standards. 
 Hexafluorobenzene.  The volume was injected into the column at 140°C, 
and the sample ran for 11.5 minutes.  The substrates C6F6 and C6F5H were able to be 
separated using this method. 
 Pentafluorobenzene.  The volume was injected into the column at 40°C.  
The temperature of the column was held at 40°C for 5 min, ramped at 1°C/min until 
60°C, and then ramped at 10°C/min until 70°C.  The column was held at 70°C for 4 
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minutes.  The substrates C6F5H, 1,2,3,4-C6F4H2, 1,2,3,5-C6F4H2, and 1,2,4,5-C6F4H2 were 
all able to be separated using this method. 
 Tetrafluorobenzenes.  The volume was injected into the column at 110°C, 
and the sample ran for 12.5 minutes.  The substrates 1,2,3,4-C6F4H2, 1,2,3,5-C6F4H2, 
1,2,4,5-C6F4H2, 1,2,3-C6F3H3, 1,2,4-C6F3H3, and 1,3,5-C6F3H3 were all able to be 
separated using this method. 
 Fluorobenzene.  The volume was injected into the column at 40°C where 
it was held for 7 minutes.  The temperature of the column was ramped at 40°C/min until 
140°C.  The column was held at 140°C for 5.5 minutes.  The substrates C6FH5 and C6H6 
were able to be separated using this method. 
4.3.3 NMR photolysis experiments 
In the glovebox, a solution of 1 in cyclohexane (500 µL, 31.4 µmol) was placed in 
a sealable NMR tube.  An aliquot of fluorinated benzene solution in cyclohexane (100 
µL, 2.0 µmol) was added, and the vial was sealed.  The final concentrations of 1 and the 
fluorinated substrate were 50 mM and 5.0 mM, respectively.  The sample tubes were 
protected from light outside of photolysis. 
After sample preparation, 19F and 31P NMR spectra were collected (t = 0 min), 
and then the tube was placed into the photoreactor.  After 5 minutes, the tube was 
removed from light and spectra collected.  This process was repeated at all time points (t 
= 0, 5, 10, 20, 30, and 60 minutes).  The non-photochemical (thermal) reaction for C6F5H 
was conducted in the same way, but the tube was not exposed to light.  19F NMR shifts of 
complexes 3-9 were determined using comparisons to previously known compounds. 
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4.4 Results and Discussion 
4.4.1 Reaction of 1 with C6F6 
Reaction of 1 with C6F6 was observed to occur under ambient conditions and was 
unaffected by the presence of 360 nm light (Figure 4.3).  GC-MS experiments showed 
that C6F6 reacted over one hour, and this decay was fit to a first-order function giving rate 
constant kC6F6.  The only product observed by GC-MS was C6F5H (Scheme 4.1) in ~10% 
conversion.  The reaction was found to be independent of the presence of light because 
the rate of C6F6 substrate decay in the presence of 1 was the same with and without light 
(Table 4.1), and the same amount of C6F5H photoproducts was observed in both 
reactions.  In the absence of 1, no decay of C6F6 was observed to occur over 1 hour by 
GC-MS, and no C6F5H was detected, indicating that leaks or other loss processes were 
unimportant. 
 
Figure 4.3. Decay of C6F6 (☐, 5.0 mM) upon irradiation at 360 nm with 1 (58.5 mM).  
The only product observed by GC-MS was C6F5H (◯). 
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Scheme 4.1. Reaction of C6F6 and 1.  C6F5H was the only observed product by GC-MS, 
and complex 3 was the product observed by 19F and 31P NMR (Figure 4.4). 
 
Table 4.1. Observed rate 
constant values (10-3 s-1) for 
the reaction of C6F6 with 1 
(50-56 mM) without and with 
light.  The measured 
irradiance in the GC-MS 
experiments was 9.44 × 10-7 
photons/molecule min. 
 kC6F6 
1 + C6F6 1.14 ± 0.56 
1 + C6F6 + hν 1.10 ± 0.91 
 
The replacement of only one fluorine with a hydrogen is consistent with a 
hydrogenolysis pathway.  In order to determine the source of the hydrogen in C6F5H 
products, the photolysis of C6F6 in the presence of 1-D2 was conducted.  Deuterium 
incorporation was observed to occur, as C6F5D was the observed product.  Because no 
difference was observed in the rates of C6F6 decay with or without light in these studies 
(Table 4.1), 2 is likely not involved in the reaction between 1 and C6F6.  However, the 
incorporation of deuterium from the iron starting material into photoproducts is 
consistent with a hydrogen/aryl exchange mechanism, similar to that observed in Chapter 
3. 
Previous studies of 1 with CE substrates showed that low mass balance in GC-MS 
experiments was often due to the generation of (dmpe)2Fe-based photoproducts, and the 
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same is true of the reaction of 1 with C6F6.  In the photoreaction, the (dmpe)2Fe(C6F5)(H) 
complex 3 was observed by 19F and 31P NMR spectroscopy (Figure 4.4).  Because 2 is 
not the active species in this reaction, it is unlikely that C-F activation occurs via 
oxidative insertion of 2 into a C-F bond of C6F6. 
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Figure 4.4. 19F and 31P NMR shifts for complexes 3-9.  19F NMR shifts are indicated in 
red, and 31P NMR shifts are in blue.  Complexes 3-6 were referenced to 
hexafluorobenzene.  Complexes 7-9 have 31P NMR shifts of ~75 ppm and were 
referenced to fluorobenzene.  19F NMR shifts of complexes 3-9 were compared to 
reported iron complexes.127-130 
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Because strict oxidative addition similar to that observed in CE dechlorination 
with 1 is not predicted to play a role in the defluorination studied in the reaction with 
C6F6, the role of an outer-sphere mechanism was investigated.  In order to evaluate the 
potential role of an outer-sphere electron transfer mechanism between 1 and C6F6, the 
reaction was conducted in the presence of THF-d8 (a known radical trap).  If 
pentafluorophenyl radicals were formed, they would be expected to abstract a D atom 
from THF-d8.  No deuterium incorporation was observed in the C6F5H photoproducts, 
arguing strongly against an outer-sphere mechanism for this reaction or any mechanism 
involving pentafluorophenyl radicals. 
4.4.2 Reaction of 1 with C6F5H 
Reaction of 1 with C6F5H was observed to occur with and without the presence of 
360 nm light over 60 minutes (Figure 4.5).  The only observed products by GC-MS were 
trace amounts of 1,2,4,5-C6F4H2 and C6F6 (Scheme 4.2).  No 1,2,3,5-C6F4H2 or 1,2,3,4-
C6F4H2 photoproducts were observed in any trial. 
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Figure 4.5. Decay of C6F5H (◯, 5.0 mM) upon photolysis at 360 nm with 1 (54.9 mM).  
The only products observed by GC-MS were 1,2,4,5-C6F4H2 (∆) and C6F6 (☐). 
 
 
Scheme 4.2. Reactions of C6F5H and 1.  (a) The reaction without 360 nm light.  (b) The 
reaction with 360 nm light.  Both 1,2,4,5-C6F4H2 and C6F6 were observed via GC-MS 
experiments, and complexes 3 and 4 were observed via 19F and 31P NMR (Figure 4.4). 
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Similar to the reaction of 1 with C6F6, the mass balance of the reaction by GC-MS 
was low (~10%), but 19F and 31P NMR studies showed a considerable generation of 
fluorine-containing (dmpe)2Fe-based photoproducts.  Specifically, complexes 3 and 4 
were observed from the photochemical reaction of 1 and C6F5H (Scheme 4.2b).  Complex 
3, also observed in the reaction of 1 and C6F6, is the C-H activation product of C6F5H.  
Because it is observed in photochemical experiments of 1 and C6F5H, the generation of 3 
is likely the result of the reaction between 16-e- intermediate 2 and C6F5H.  Additionally, 
the reaction of 1 and C6F5H without light (and thus no production of 2) shows no 
generation of 3 by NMR (Scheme 4.2a).  Previous studies have shown that aryl C-H 
activation is readily observed with UV irradiation of 1,61, 64, 68 and generation of 3 from 
the photolysis of 1 and C6F5H is consistent with those findings. 
The other (dmpe)2Fe-based species observed in these photochemical reactions 
was complex 4, which is also observed from the photolysis of 1 and 1,2,4,5-C6F4H2 (vide 
infra).  One can envision two pathways for the formation of this complex.  The first is C-
H activation of 1,2,4,5-C6F4H2 by 2.  As evidenced by GC-MS experiments, 1,2,4,5-
C6F4H2 is generated in low concentrations upon photolysis, and the activation of the C-H 
bonds of 1,2,4,5-C6F4H2 can occur readily in the experimental conditions employed to 
generate complex 4.  However, NMR experiments of 1 and C6F5H without light show 
only generation of complex 4 (Scheme 4.2a).  Thus, because 2 is not formed, 4 is not 
likely to be generated via C-H activation in this reaction. 
A second possible pathway is hydrogen/aryl exchange, similar to the process 
envisioned in the generation of 3 from the reaction of 1 and C6F6, where the Fe-H moiety 
of 1 is replaced with an aryl ligand (see Scheme 3.4 for an example of hydrogen/ligand 
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exchange).  In this pathway, 1 reacts with C6F5H at the para-C-F bond to form complex 
4.  Under photochemical conditions, both pathways could contribute to the formation of 4 
in NMR experiments, but only this second pathway is likely to occur to generate 4 
without the presence of light. 
In dark control studies of C6F5H and 1 monitored by GC-MS, C6F5H decays at a 
rate (kC6F5H) similar to that of C6F6 with and without light (Table 4.2).  It is interesting to 
note that these three reactions are all predicted to proceed via 1 and the fluorobenzene 
substrate without 2. 
Table 4.2. Observed rate 
constant values (10-3 s-1) for the 
reaction of C6F5H with 1 (50-56 
mM) without and with light.  
The measured irradiance in the 
GC-MS experiments was 9.44 × 
10-7 photons/molecule min. 
 kC6F5H 
1 + C6F5H 1.77 ± 0.86 
1 + C6F5H + hν 5.13 ± 1.7 
 
When light was introduced into the reaction of 1 and C6F5H, the rate of C6F5H 
decay increased three-fold (Table 4.2).  While kC6F5H increases upon introduction of light, 
the amount of 1,2,4,5-C6F4H2 and C6F6 generated (as detected by GC-MS) does not 
increase when light is added into the system.  This suggests that volatile photoproducts 
1,2,4,5-C6F4H2 and C6F6 are generated by the “dark” reaction of 1 and C6F5H.  The major 
change in the reaction when light is introduced is the generation of 2, capable of C-H 
activation.  Because this is the key difference between dark control and photochemical 
experiments, it is predicted that introducing light into the reaction promotes C-H 
activation to generate complex 3.  Thus, the observed kC6F5H for the reaction with light is 
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the sum of the dark reaction (1.77 × 10-3 s-1) and the C-H activation of C6F5H (3.36 × 10-3 
s-1).  No decay of C6F5H is observed by GC-MS in the absence of 1. 
4.4.3 Reactions of 1 with C6F4H2 
Upon reaction with 1 and 360 nm light, all C6F4H2 substrates decayed over 1 hour 
(Figure 4.6, Figure 4.7, and Figure 4.8).  By GC-MS, no trifluorobenzene (C6F3H3) 
photoproducts were observed in any trial.  This indicates that the replacement of C-F 
bonds with C-H bonds (as observed in reactions of 1 with C6F6 and C6F5H) is not 
occurring in the reactions of 1 and any C6F4H2 substrates but that the substrates are 
reacting and decaying with time.  Because no C6F3H3 photoproducts were observed, 
NMR experiments were conducted to determine the fate of the C6F4H2 substrates.  19F 
and 31P NMR experiments confirm that C-H activation is occurring. 
 
Figure 4.6. Decay of 1,2,4,5-C6F4H2 (∆, 5.0 mM) upon photolysis at 360 nm with 1 
(50.7 mM).  No C6F3H3 photoproducts were observed by GC-MS. 
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Figure 4.7. Decay of 1,2,3,5-C6F4H2 (◇, 5.0 mM) upon photolysis at 360 nm with 1 (50.7 
mM).  No C6F3H3 photoproducts were observed by GC-MS. 
 
Figure 4.8. Decay of 1,2,3,4-C6F4H2 (×, 5.0 mM) upon photolysis at 360 nm with 1 (50.7 
mM).  No C6F3H3 photoproducts were observed by GC-MS. 
 
In reactions of 1 and 1,2,4,5-C6F4H2, only one photoproduct, complex 4, is 
observed (Scheme 4.3) by NMR.  Complex 4 is generated from the C-H activation of 
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1,2,4,5-C6F4H2 by 2, a process that has been well documented.68  Because no reaction 
occurs between 1 and 1,2,4,5-C6F4H2 without the presence of light (Table 4.3), reactive 
intermediate 2 is understood to be the active species in the system, inserting into the C-H 
bond of 1,2,4,5-C6F4H2 to generate complex 4. 
 
Scheme 4.3. Reaction of 1,2,4,5-C6F4H2 and 1 with 360 nm light.   Complex 4 was 
observed via 19F and 31P NMR (Figure 4.4). 
 
Table 4.3. Observed rate constant values (10-3 s-1) for the reaction of 
C6F4H2 substrates with 1 (50.7 mM) without and with light.  The 
measured irradiance in the GC-MS experiments was 9.44 × 10-7 
photons/molecule min. 
 1,2,4,5-C6F4H2 
(k1,2,4,5-C6F4H2) 
1,2,3,5-C6F4H2 
(k1,2,3,5-C6F4H2) 
1,2,3,4-C6F4H2 
(k1,2,3,4-C6F4H2) 
1 + C6F4H2 0.345 ± 0.60 0.105 ± 0.13 0.0048 ± 0.24 
1 + C6F4H2 + hν 5.88 ± 2.08 5.17 ± 0.67 3.9 ± 1.95 
 
 
The photochemical reactions of 1 with substrates 1,2,3,5-C6F4H2 and 1,2,3,4-
C6F4H2 also proceed via C-H activation (Scheme 4.4 and Scheme 4.5).  Complex 5 is the 
sole product observed by NMR for the reaction of 1 with 1,2,3,5-C6F4H2, and complex 6 
is the sole product for the identical reaction with 1,2,3,4-C6F4H2.  As with 1,2,4,5-
C6F4H2, no decay of 1,2,3,5-C6F4H2 or 1,2,3,4-C6F4H2 occurs in the absence of 1 or in the 
absence of light (Table 4.3). 
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Scheme 4.4. Reaction of 1,2,3,5-C6F4H2 and 1 with 360 nm light.   Complex 5 was 
observed via 19F and 31P NMR (Figure 4.4). 
 
Scheme 4.5. Reaction of 1,2,3,4-C6F4H2 and 1 with 360 nm light.   Complex 6 was 
observed via 19F and 31P NMR (Figure 4.4). 
 
4.4.4 Reactions of 1 with C6FH5 
Upon irradiation with 360 nm light, 1 reacted with C6FH5 and decayed fully over 
one hour (Figure 4.9).  Light was required for fluorobenzene decay, as C6FH5 did not 
decay in the absence of light (Table 4.4).  Trace amounts of the defluorinated product, 
benzene, were observed via GC-MS, but the mass balance was quite low, similar to the 
observations of 1 and C6F4H2.  No decay of C6FH5 was observed without light. 
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Figure 4.9. Decay of C6FH5 (▽, 3.0 mM) upon photolysis at 360 nm with 1 (50.7 mM).  
Trace amounts of benzene (✛) were observed by GC-MS. 
 
Table 4.4. Observed rate constant values 
(10-3 s-1) for the reaction of C6FH5 with 1 
(50-56 mM) without and with light.  The 
measured irradiance in the GC-MS 
experiments was 9.44 × 10-7 
photons/molecule min. 
 kC6FH5 
1 + C6FH5 1.94 × 10-15 ± 0.0049 
1 + C6FH5 + hν 0.964 ± 0.18 
 
 19F and 31P NMR experiments were conducted to determine if (dmpe)2Fe-based 
photoproducts accounted for the missing mass balance.  Three signals were observed in 
the 19F NMR spectrum, corresponding to three products, 7, 8, and 9 (Scheme 4.6).  The 
production of three products is consistent with C-H activation of C6FH5 by 2, as three 
unique C-H bonds are available for activation, the para-C-H bond (7), the meta-C-H (8), 
and the ortho-C-H bond (9).  It is interesting to note that all three were generated, 
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suggesting that the fluorine on the aryl ring does not specifically direct photochemically 
induced C-H activation in this system. 
 
Scheme 4.6. Reaction of C6FH5 and 1 with 360 nm light.   Complexes 7, 8, and 9 were 
observed via 19F and 31P NMR (Figure 4.4). 
 
4.4.5 Mechanistic considerations 
In comparing the reactions of 1 with the fluorinated substrates selected for these 
studies, it is apparent that two reactions are occurring (Scheme 4.7): C-F activation 
occurs for C6F6 and C6F5H, and C-H activation occurs for C6F5H, C6F4H2, and C6FH5 
substrates. 
 
Scheme 4.7. Proposed C-F and C-H activation pathways for 1 and fluorobenzene 
substrates. 
 
C-H activation of aryl substrates has been well studied in other systems68 and is 
mediated by 2, the 16-e- intermediate generated from 1.  In the photochemical reactions 
of C6F5H, C6F4H2, and C6FH5 substrates, 2 preferentially inserts into the C-H bond of the 
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fluorobenzene substrate, generating trans-(dmpe)2Fe(aryl)(H) complexes 4-9.  The 
complexes are the final product of the C-H activation pathway and do not react further 
over 60 minutes.  Because no volatile photoproducts are generated from this C-H 
activation pathway, the parent fluorobenzene substrate decays fully but no photoproduct 
is observed via GC-MS. 
Unlike the C-H activation pathway mediated by light-induced 2, light does not 
play a role in the second pathway, the C-F activation of C6F6 and C6F5H mediated by 1.  
In this pathway, dihydride 1 reacts with fluorobenzene substrates to generate 
(dmpe)2Fe(aryl)H complexes 3 (for C6F6) and 4 (for C6F5H).  This process also generates 
trace amounts of C6F5H from C6F6 and 1,2,4,5-C6F4H2 from C6F5H. 
Based on the collected NMR and GC-MS data, we propose the C-F activation 
mechanism illustrated in Scheme 4.8.  Complex 1 and C6F6 react within the solvent cage 
to generate radical cation (dmpe)2FeH2˙+ and radical anion C6F6˙-.  HF is lost from the 
cage, functioning as the thermodynamic sink for the system,123 and the resulting 
(dmpe)2FeH˙ and C6F5˙ radical species are formed.  The two radical species recombine 
within the solvent cage, resulting in the generation of trans-(dmpe)2Fe(C6F5)H (3). 
 
Scheme 4.8. Proposed mechanism for C-F activation pathway of 1 and C6F6 (adapted 
from ref. 123). 
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This mechanism accounts for the light independence of the C-F activation pathway, as 
light and 2 are not involved in the process, and the generation of 3 (or 4 for C6F5H).  
Additionally, only one C-F bond is activated in this mechanism, consistent with the 
observation that only one C-F bond is activated in C6F6 and only the para-C-F bond is 
activated in C6F5H.  The preferential activation of the para-C-F bond in C6F5H has been 
observed in studies with analogous compound (dmpe)2RuH2 and was attributed to 
increased electron density of the para-C-F bond in the C6F5H radical anion.123, 131 
One of the key components of the proposed mechanism is electron transfer that 
occurs exclusively within a solvent cage.  As previously discussed, the reaction of 1 and 
C6F6 in the presence of THF-d8 (a known radical trap) shows no deuterium incorporation 
into pentafluorobenzene photoproducts by GC-MS, indicating that outer-sphere electron 
transfer is not occurring.  The proposed mechanism accounts for this observation since all 
electron transfer occurs within a solvent cage.  Because no radical species escapes the 
solvent cage, there is no reaction between either the iron-based or fluorobenzene-based 
radicals and THF-d8. 
Whittlesey et al. reached similar conclusions for the reaction of (dmpe)2RuH2 and 
C6F6.123  In their studies, conducting the reaction in the presence of 9,10-
dihydroanthracene (another known radical trap) generated very little anthracene, 
supporting an electron-transfer mechanism that occurs exclusively within a solvent cage.  
Their studies also found small amounts of hydrodehalogenation products (C6F5H from 
C6F6, 1,2,4,5-C6F4H2 from C6F5H, etc.).  Additionally, the reaction of (dmpe)2RuD2 
(analogous to 1-D2) with C6F6 showed generation of C6F5D, the same observations made 
in these studies, lending credence to the proposed mechanism. 
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Oxidative addition is unlikely to play a significant role in the reaction of 1 and 
C6F6 or the dark reaction with C6F5H.  Oxidative addition would require either generation 
of reactive intermediate 2, with a cis-divalent site available for oxidative insertion into 
the C-F bond, or generation of an iron(IV) intermediate.  Because the reaction is not 
affected by light, and thus presence of 2, oxidative addition via 2 is not a viable 
mechanistic pathway for this reaction.  Generation of an iron(IV) intermediate is also 
unlikely, due to not only the dissimilar interactions of the hard FeIV center and the soft 
dmpe ligands but also the steric hindrance of coordinating the substrate to the six-
coordinate Fe center.  NMR experiments do not show any dissociation of the dmpe 
ligand, making dmpe dissociation to expose the iron center for oxidative addition 
unlikely.  Thus, oxidative addition is not expected to contribute significantly to the C-F 
activation pathway observed in these studies. 
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4.5 Conclusions 
The reaction between 1 and fluorobenzene substrates was found to proceed via two 
different pathways, C-F activation and photochemically induced C-H activation.  C-F 
activation was found to occur in reactions of 1 and C6F6 and C6F5H, and an in-cage 
electron transfer mechanism for this process was proposed.  C-H activation was observed 
for reactions of 1 with C6F5H, C6F4H2, and C6FH5 substrates and proceeds via oxidative 
addition of the C-H bond to photochemically generated intermediate 2.  The final 
products for all reactions were (dmpe)2Fe(aryl)H complexes as observed by 19F and 31P 
NMR studies, as well as trace amounts of singly defluorinated fluorobenzene substrates 
for reactions of 1 with C6F6 and C6F5H observed by GC-MS studies.  C-F activation is 
the exclusive pathway for C6F6, and C-H activation is the exclusive pathway for C6F4H2 
substrates.  C-F activation is observed for C6F5H substrates, but C-H activation of C6F5H 
becomes a competitive pathway when 360 nm light is introduced into the system, 
generating (dmpe)2Fe-based photoproducts from both pathways.  Opportunities for future 
studies include expanding dark reactions of 1 with C6F4H2 and other lower fluorinated 
substrates to see if C-F activation will occur.  Studies with (dmpe)2RuH2 show that C-F 
activation of lower fluorinated substrates required longer reaction times,123 so omitting 
light and extending reaction times or heating would be an important avenue for 
investigation. 
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